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1 Introduction 
 
1.1 Applied Theoretical Chemistry 
 
Chemistry The branch of science that deals with the investigation of the substances 
of which matter is composed and of the phenomena of combination and 
change which they display.1 
 
 A chemist’s aim is, as the definition implies, to reveal, understand and explain the 
properties of matter. Through history chemistry progressed from simplistic views like a 
total of just four general elements (earth, air, fire and water) to today’s sophisticated 
knowledge of interacting molecules that can be built up from more than 100 different 
types of atoms consisting of a positively charged nucleus with protons and neutrons, 
surrounded by negatively charged electrons. Research on the type and behavior of atoms 
and molecules gave way to a profound general understanding of chemical processes of 
which the basics are extensively covered in the countless chemistry textbooks available 
and of which a small part is deservedly still considered important basic knowledge to be 
taught in schools. While experimental research is often capable of answering the ‘what’ 
and ‘when’ questions in chemistry, theoretical models help in answering many of the 
related ‘how’ and ‘why’ questions. The field of theoretical chemistry focuses on 
explaining and predicting chemical properties with such theoretical approaches, i.e. 
without the use of experiments. The constant evolution of theoretical methods to analyze 
chemical problems took an important turn with the development of quantum mechanics, 
which paved the way for the field of quantum chemistry. With quantum chemistry, 
describing chemical reactions at the atomic and molecular scale became feasible and, 
after many years of development, it can be used to answer not only many ‘how’ and 
‘why’, but also numerous of the ‘what’ and ‘when’ questions in chemistry with 
complicated electronic structure calculations. In principle it is possible to describe every 
1  Introduction 
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system quantum chemically, but in practice only very few of such calculations can be 
solved in an exact way. With the help of approximations in the theory (vide infra), 
advanced computer-codes and large computer clusters it became possible to do 
calculations on much more systems, though in practice still limited in size. This has 
resulted and still results in lots of new insights in chemistry for further practical use. 
Within the field of theoretical chemistry people are constantly aiming at improving the 
approximations and computer-codes, while others apply these tools by performing the 
calculations on actual chemically meaningful problems. The work in this thesis is of the 
latter type: applied theoretical (computational) chemistry.  
 
  
1.2 Bimolecular Nucleophilic Substitution Reactions 
 The chemical problems studied in this thesis involve one of the most fundamental 
types of reactions in chemistry: the bimolecular nucleophilic substitution reaction (SN2).
2
 
Here we will shortly discuss the basics of this type of reaction with a selected number of 
references to the literature. Additional information with a large number of additional 
references will be given in the chapters to follow. In an SN2 reaction (Scheme 1.1) an 
incoming nucleophile (X
–
) attacks a substrate at a central atom (A) that is bonded to its 
substituents (R) and a leaving group (Y). The nucleophile binds to the central atom, while 
the bond with the leaving group breaks. This can occur either via a central stable 
transition complex or central labile transition state (square brackets in Scheme 1.1).  
 
A Y
R1
R2
R3
X– + AX
R1
R2
R3
Y–+A
R3
R1
R2
YX
 
 
Scheme 1.1 Model SN2 Reaction. 
 
 The classical textbook example and most studied type of SN2 reaction is that of a 
halide anion attacking a halomethane with A = C and R = H (SN2@C). In the gas phase 
this reaction is characterized by a double well Potential Energy Surface (PES) along the 
reaction coordinate with a labile central transition state (TS) (Scheme 1.2a).
2,3
 The 
reactants (nucleophile and substrate) form a stabilizing ion-molecule complex when 
brought together, the reactant complex (RC), which is characterized by a long X–C and 
short C–Y distance. From here, it costs energy to make the nucleophile approach the 
central atom further until a peak is reached. After this barrier, the energy drops when Y 
moves further away from the C and a stable product complex (PC) is formed. For systems 
with X = Y, the reaction and PES are symmetric, that is, the PC is just the mirror image of 
the RC. If X ! Y the reaction and PES are asymmetric and the resulting endo- or 
exothermicity becomes an important factor in determining the reaction rate.
3
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Scheme 1.2 Symmetric double well (a) and single well (b) shapes of the potential energy surface for SN2 
reactions. 
 
 The nature of the central intermediate and with that the shape of the PES for an SN2 
reaction is however known to depend on the type of central atom A. If the carbon in the 
halomethane is replaced by its third period congener silicon (SN2@Si), the shape of the 
PES changes to a single well with, besides the reactants and products, only a central 
stable transition complex (TC) as stationary point (Scheme 1.2b).
4
 Unlike for carbon, it 
here is energetically thus favorable for nucleophile and substrate to form the 
pentacoordinate hypervalent intermediate with both X and Y bonded to Si. The shape of 
the PES for the SN2 reaction does not only depend on the choice of central atom A 
though, but additionally can be modulated by the choice of R, X and Y. This dependence 
will be the core topic of this thesis. The atom of ‘central’ attention will however not be 
carbon or silicon, but phosphorus, P, number 15 of the periodic table of elements 
(SN2@P). Archetypal SN2@P reactions are known to behave like silicon, that is, they 
intrinsically have a single-well PES with stable central transition species.
5
 The interest for 
SN2 reactions at phosphorus centers though, is primarily due to their occurrence in much 
larger organic and biological processes compared to the small archetypal examples and 
often involve phosphate-derivatives.
6
 The prime example of such a biological system is 
the DNA-replication and repair mechanisms,
7
 in which one of the elementary reaction 
steps is the formation of a new O–P bond via an SN2@P reaction between the primer 
strand (i.e., the already existing part of a copy complementary to the template strand) and 
a nucleotide that is to be added. This SN2@P reaction leads to the actual elongation of the 
backbone in the new DNA strand in the replication process. Scheme 1.3 schematically 
and strongly simplified shows this reaction step of the complex multistep replication 
reaction, where we do not take the degree of ionization of the acidic protons nor the 
presence of counterions into account.  
 
 Despite its occurrence in such a crucial mechanism at the core of life, this type of 
reaction is still not fully understood and the presence in literature of systematic 
explorations of archetypal SN2@P reactions to expose the intrinsic reactivity and the 
influence of substituents, nucleophiles and leaving groups on this reactivity is minimal in 
comparison to SN2@C and SN2@Si.  
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Scheme 1.3 Strongly simplified scheme of SN2@P reaction as it takes place in the DNA-replication 
mechanism when a new nucleotide is added to the primer strand. Degree of ionization of the acidic protons 
or presence of counterions has not been taken into account. 
 
 
1.3 This Thesis 
 The work presented in this thesis helps in filling a part of the gap in literature on 
SN2@P reactions with a computational study on a large series of SN2 reactions at 
phosphorus with increasing coordination number and substituent-size and varying 
nucleophile / leaving group combinations. We investigated reactions in both gas phase 
and condensed phase to reveal the effect of the solvent, as usually present in practical 
conditions. This systematic approach gives an extensive overview of the behavior of 
SN2@P reactions that can be of great use in helping to predict, interpret and understand 
results of studies on larger, more realistic systems such as the one in Scheme 1.3.  
 In Chapter 2, first the method used and the theory it is based on are shortly discussed. 
The results of the calculations of our investigations on SN2@P reactions are presented in 
Chapters 3 – 7, where Chapters 3 – 6 mainly deal with the intrinsic reactivity of 
phosphorus as the central atom in an SN2 reaction and Chapter 7 with more biologically 
relevant systems. Each chapter is introduced with the required background information, 
sometimes overlapping with the above introduction or other chapters, to put the results in 
perspective and to make each chapter understandable on its own. In Chapter 3, we give an 
explanation for the different intrinsic behavior of SN2@C and SN2@P reactions and show 
how barriers can appear on the PES of symmetric SN2@P systems, which can be 
modulated to eventually resemble carbon-like behavior by simply increasing the steric 
bulk around the central phosphorus. These results reveal how the central barrier for SN2 
reactions is determined by the interplay of steric and electronic effects. In Chapter 4 and 
5, we extend the work on the reactions in Chapter 3 by adding asymmetric reactions and 
additional combinations of nucleophiles and leaving groups, making the nucleophilicity 
and leaving-group ability important factors for the feasibility of the reaction. In Chapter 
4, we compare nucleophilic substitution at 3-coordinated versus 4-coordinated 
1.4 References 
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phosphorus (SN2@P3 and SN2@P4) with single-atom substituents R. In Chapter 5, the 
focus lies on sterically more demanding substituents consisting of more than one atom 
that are shown to be able to perform the Walden inversion in a stepwise manner. The 
effect of solvation, which is known to change the reaction profile of SN2@C reactions,
2
 is 
studied in Chapter 6. To this end, we look into the effect of water as a solvent on the Cl-
symmetric reactions of Chapter 3 and see how the intrinsic single-well PES for archetypal 
SN2@Si and SN2@P reactions turns into a unimodal single-barrier PES in aqueous 
solution. In Chapter 7 we finalize our journey through SN2@P reactions by making a step 
closer to the situation in the DNA replication mechanism, which involves an SN2 reaction 
at a phosphorus in a phosphate chain (Scheme 1.3). This takes places in cell environment 
and thus in the condensed phase. The influence of the extent of protonation of the 
nucleophile and substrate and the presence of Mg
2+
 counterions on the SN2 attack at a 
triphosphate chain by organic nucleophiles is discussed. Our results show how 
magnesium ions are crucial for making backbone extension in DNA replication a feasible 
process if the phosphate chain gets deprotonated. That is where we end our overview on 
SN2@P reactions from archetypal examples to biologically more relevant systems and 
reaction conditions. 
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2 Theory and Method 
 
2.1 Introduction 
 Quantum chemistry, the theory at the basis of all calculations performed for this thesis, 
is based on solving that one famous equation published in 1926,1a the Schrödinger 
equation, which in its time-independent, non-relativistic form reads:1,2 
 
  H! = E!          (2.1) 
 
 In this eigenvalue equation ! is the wavefunction that contains all information of a 
system and H is the Hamilton operator, which represents the total energy (kinetic and 
potential) of the system. This equation is in theory exact, but can only be solved exactly 
for one-electron atoms like hydrogen, so approximations to the theory are necessary when 
studying larger systems. A general approximation applied in quantum chemical 
calculations is the Born-Oppenheimer approximation, which separates the movement of 
the nuclei from the movement of the electrons, since the nuclei are much heavier and 
therefore have a much smaller velocity.1,2 The Schrödinger equation is then separated into 
a part describing the electronic wavefunction for a fixed nuclear geometry (no nuclear 
kinetic energy and constant nuclear potential energy) and a part describing the nuclear 
wavefunction, where the electronic energy plays the role of a potential energy (! = 
!n!e). In this way, the distribution of the electrons at a certain configuration of the nuclei 
can be calculated and the nuclei then move on the potential energy surface provided by 
the total electronic energy plus the nuclear potential energy. According to Pauli's anti-
symmetry principle, the wavefunction describing the electrons must be antisymmetric.3a 
This can be achieved by constructing the wavefunction as a linear combination of Slater 
determinants. A variety of methods can then be used to find exact or, in most cases, 
approximate solutions of the electronic Schrödinger equation. The investigations in the 
present thesis are based on density functional theory, a method in which the many-
2  Theory and Method 
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electron problem is formulated in terms of the electron-density distribution " instead of 
the wavefunction !e. 
 
2.2 Density Functional Theory  
 In density functional theory (DFT)3 the electronic energy has, as the name suggests, a 
functional dependence on the electron probability density, which itself is a function of 
only 3 spatial variables. This is a drastic reduction in comparison to computationally 
expensive wavefunction-based methods, in which the electronic energy has a functional 
dependence on the wavefunction, which depends on 3M variables (4M if spin is taken 
into account), where M is the number of electrons. Here we will shortly discuss the basics 
of DFT for the calculations performed in this work. For more detailed explanations and 
derivations we refer to the various excellent textbooks and articles covering DFT and how 
it arose and differs from traditional wavefunction approaches.1-3 
Density functional theory is rooted in a 1964 paper in which Hohenberg and Kohn (HK) 
give a formal proof that the electron density uniquely determines the ground state energy 
(E = E["]) and all other ground-state electronic properties.4 Only if the input density is the 
true ground state density, "0, this functional delivers the lowest energy  (E0 = E
HK["0]): 
the variational principle holds. Although this breakthrough paper gave the proof of the 
existence of a functional connecting the electronic energy to the density, it did not give 
the form of it. The next major step in the development of DFT came in 1965 with a paper 
from Kohn and Sham (KS) in which the HK-principles were reformulated.5 In the KS-
formulation of DFT, the interacting many-electron system is mapped onto a reference 
system of non-interacting electrons. By construction the density of this non-interacting 
system equals the density of the real, interacting system. The electronic wavefunction of 
the reference system is given by a single Slater determinant, consisting of the one-
electron wavefunctions (KS-orbitals). It is important to note that this Kohn-Sham 
determinant is not the wavefunction of the real, interacting system. The ground-state 
charge density " at a location r is given by 
 
! 
"KS r( ) = # i r( )
2
i=1
M
$        (2.2) 
 
 with #i being the one-electron KS-orbitals. The exact ground-state electronic energy 
functional of a system can be written as: 
 
! 
E
KS "
0[ ] = Ts "0[ ] + Ene "0[ ] + Ec "0[ ] + Exc "0[ ]    (2.3) 
 
 The first term in Eq. 2.3 is the kinetic energy for the KS-model of non-interacting 
electrons. This is an approximation to the real kinetic energy of interacting electrons. The 
difference, T – Ts, is absorbed into the exchange-correlation term (fourth term). The 
2.2 Density Functional Theory 
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second term is the electron – nuclei attraction. The third term is the Coulomb interaction, 
which describes the electrons as moving independently and with each electron 
experiencing the average field due to all electrons, including the reference electron itself. 
The fourth and final term is the exchange-correlation energy, which corrects term 1 and, 
primarily, term 3. It takes into account all electron–electron effects incorrectly described 
in the Coulomb term: (i) electrons do not have repulsion with themselves, (ii) same-spin 
electrons have zero probability of being at the same position (Pauli principle), and (iii) all 
electrons avoid each other due to mutual Coulomb repulsion. Exc[!0] is the only term we 
do not know how to obtain exactly and forms the problematic part of Kohn-Sham DFT. 
The difference between DFT methods is therefore mainly in the choice of the form of this 
exchange-correlation energy.  
 In order to minimize the energy functional of Eq. 2.3, one-electron equivalents of the 
Schrödinger equation, the KS-equations, have to be solved: 
 
! 
h
KS"
i
= (T
s
+ v
ne
+ v
c
+ v
xc
KS
)"
i
= #
i
"
i
      (2.4) 
 
 The one-electron Hamilton operator hKS is the functional derivative of E with respect 
to ", #i are the one-electron KS-orbitals and the $i have the physical interpretation of KS-
orbital energies. In line with the functional of Eq. 2.3, Ts is the kinetic energy operator, vne 
the potential due to the nuclei, vc is the effective Coulomb potential due to the charge 
distribution "(r) and vxc is the exchange-correlation potential, which is not known exactly 
and is usually ‘simply’ defined as the functional derivative of Exc["] with respect to ". 
These equations are non-linear because vc and vxc depend on the density. This problem is 
tackled using the self-consistent field (SCF) procedure in which, initially, an educated 
guess of the density is made for which the potential v is calculated and the Kohn-Sham 
equations are solved. This yields a set of orbitals #i from which a new and, hopefully, a 
somewhat better density can be constructed using Eq. 2.2. This procedure is repeated until 
the change in density drops below a certain convergence criterion. This results in the KS-
orbitals which feature in the Kohn-Sham determinant and for which EKS attains its lowest 
value via Eq. 2.2 and 2.3.  
 In practice the one-electron KS-orbitals are often expanded in a basis set with basis 
functions "j:
2,3  
 
! 
"i = # jc ji
j
$         (2.5) 
 
 These basis functions are often located on the atoms involved and consist of relatively 
simple analytical functions, in our case Slater functions. Solving the KS-equations now 
essentially consists of finding the coefficients cji that minimize the energy of the 
electronic system, relying on the theory being variational. The accuracy, but also duration 
of a calculation is strongly determined by the size and aptness of the basis set. In general, 
2  Theory and Method 
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one must find a compromise between this accuracy and the associated computational cost. 
Besides the basis set, the accuracy naturally also strongly depends on the choice of the 
approximate exchange-correlation functional. Over the years a large amount of 
functionals are developed and in many cases calculations can be done with chemical 
accuracy. The main types of functionals are the local density approximation (LDA), 
generalized gradient approximation (GGA), meta-GGA and hybrid DFT methods.3 
Extensive benchmarking has shown that a number of GGA functionals, in particular 
OLYP performs best for our type of model systems (see later chapters). To explore the 
nature of our model SN2@P reactions we have used the above theoretical methods as 
implemented in the Amsterdam Density Functional (ADF)6 computer code, occasionally 
in combination with the QUILD code,7 to compute energies, geometries and other 
properties.  
 
 
2.3 Activation Strain Model 
 In order to get more insight into the nature of the barriers that can appear on the 
potential energy surface of SN2 reactions, the reactions can be analyzed using the 
Activation Strain Model.8 The Activation Strain model is a fragment approach to 
understanding chemical reactions in which the height of reaction barriers is described and 
understood in terms of the original reactants. The potential energy surface !E(") is 
decomposed, along the reaction coordinate ", into two parts: the strain !Estrain(") and the 
actual interaction #Eint(") (Eq. 2.6).  
 
! 
"E #( ) = "E strain #( ) + "E int #( )      (2.6) 
 
 The strain !Estrain(") is the energy needed to deform the individual reactants from their 
equilibrium structure to their structure in the transition state and is determined by the 
rigidity of the reactants and on the extent to which groups must reorganize in a particular 
reaction mechanism. The interaction !Eint(") is the actual interaction between the 
deformed reactants and depends on their electronic structure and on how they are 
mutually oriented as they approach each other.  
 
 It is the interplay between !Estrain(") and !Eint(") that determines if and at which point 
along " a barrier arises. The activation energy of a reaction !E$ = #E("TS) consists of the 
activation strain !E$strain = #Estrain("
TS) plus the TS interaction #E$int = #Eint("
TS) (see 
Figure 2.1): 
 
  !E$ = !E$strain + #E
$
int      (2.7) 
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Figure 2.1 Illustration of the Activation Strain Model for a barrier in an SN2 reaction, in which !E
$ is 
decomposed in the destabilizing !E$strain and the stabilizing !E
$
int. 
 
 The interaction !Eint(") between the strained reactants can be further analyzed in the 
conceptual framework provided by the Kohn-Sham molecular orbital (KS-MO) model. 
To this end, it is further decomposed into three physically meaningful terms: 
 
   !Eint(") =  !Velstat +  !EPauli +  !Eoi     (2.8) 
 
 The term !Velstat corresponds to the classical electrostatic interaction between the 
unperturbed charge distributions of the deformed reactants and is usually attractive. The 
Pauli repulsion !EPauli comprises the destabilizing interactions between occupied orbitals 
and is responsible for any steric repulsion. The orbital interaction !Eoi accounts for 
charge transfer (interaction between occupied orbitals on one moiety with unoccupied 
orbitals of the other, including the HOMO–LUMO interactions) and polarization (empty–
occupied orbital mixing on one fragment due to the presence of another fragment). In the 
study on SN2 reactions, #Eoi is dominated by the donor–acceptor interactions between the 
lone-pair orbital of the nucleophile and the empty %*A–Y orbital (A = central atom, Y = 
leaving group) of the substrate. In Chapter 3 this model will be used to analyze and 
explain the disappearance and reappearance of barriers on the potential energy surface of 
SN2@C and SN2@P reactions.  
 
 
2.4 Solvent Effects 
 In practice, most of chemistry occurs in solution. This certainly also holds for the SN2 
reactions at phosphorus in biological systems taking place in the cell environment. In 
order to understand how solvation affects the progress of reactions, it is necessary to 
know the intrinsic reactivity of model reactions from gas-phase studies and the reactivity 
of the same reactions in solution. Thus, we have studied the effects of solvation on both 
model SN2 reactions (Chapter 6) and on SN2@P reactions involving biologically relevant 
2  Theory and Method 
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triphosphates (Chapter 7) with water as the solvent. The solvent effects were taken into 
account using the Conductor-like Screening model (COSMO),9 which is a continuum 
solvation model where the solvent is not simulated with explicit solvent molecules but 
with a dielectric medium that surrounds a cavity in which the solute is embedded. The 
dielectric medium has a specific dielectric constant for each type of solvent. This 
approach works well for reactions where the solvent molecules do not explicitly 
participate in the reaction mechanism. If the latter is the case, it is imperative to include 
one or more discrete solvent molecules into the model system. 
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Abstract 
Pentacoordinate phosphorus species play a key role in organic and biological processes. 
Yet, their nature is still not fully understood, in particular, whether they are stable, 
intermediate transition complexes (TC) or labile transition states (TS). Through 
systematic, theoretical analyses of elementary SN2@C, SN2@Si and SN2@P reactions, we 
show how increasing the coordination number of the central atom as well as the 
substituents' steric demand shifts the SN2@P mechanism stepwise from a single-well 
potential (with a stable central TC) that is common for substitution at third-period atoms, 
via a triple-well potential (featuring a pre- and post-TS before and after the central TC), 
back to the double-well potential (in which pre- and post-barrier merge into one central 
TS) that is well-known for substitution reactions at carbon. Our results highlight the steric 
nature of the SN2 barrier, but they also show how electronic effects modulate the barrier 
height. 
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3.1 Introduction 
 Pentacoordinate phosphorus species play a key role in a wide range of organic and 
biological processes that involve nucleophilic attack at phosphorus (SN2@P).
1,2 Yet, the 
nature of these species is still not fully understood, in particular, whether they are 
intermediate transition complexes (TC) or transition states (TS) that principally escape 
any attempt of detection or isolation.2,3 This contrasts with the profound understanding of 
nucleophilic substitution at carbon (SN2@C)
4 and silicon (SN2@Si)
5 and the 
corresponding pentacoordinate transition species. The archetypal reactions of X– + CH3X 
and X– + SiH3X are often employed to illustrate how the reaction profile changes from a 
double-well potential energy surface (PES), involving a central TS for substitution at a 
second-period atom (SN2@C) to a single-well PES associated with a stable TC for 
substitution at the third-period congener (SN2@Si). 
 To close this gap in our understanding of bimolecular nucleophilic substitution, we 
have systematically analyzed and compared a series of archetypal SN2@C, SN2@Si and 
SN2@P reactions using the Amsterdam Density Functional (ADF) program with the 
OLYP and mPBE0KCIS functionals.6 These approaches were previously shown to agree 
satisfactorily with highly correlated ab initio benchmarks (vide infra).5a,7,8 Our analyses 
reveal that the main factors determining the shape of the PES, i.e., the presence or 
absence of reaction barriers, are the steric demand of substituents at phosphorus and, to a 
lesser extent, the nature of nucleophile and leaving group. In particular, we show how 
increasing the steric congestion at phosphorus shifts the SN2@P mechanism stepwise 
from a single-well potential (with a stable central TC) that is common for substitution at 
third-period atoms, via a triple-well potential (featuring a pre- and post-TS before and 
after the central TC), back to the double-well potential (with a central TS) that is well-
known for substitution at carbon. 
 Our model systems cover symmetric (X = Y) and asymmetric nucleophilic substitution 
(X $ Y) at carbon (Eq. 3.1), silicon (Eq. 3.2) and phosphorus (Eqs. 3.3 – 3.11) but, herein, 
we focus on the symmetric reactions for X = Cl (1a – 11a), OH (1b – 11b) and CH3O 
(11c) (Table 3.1): 
 
X– + CH3Y  &   CH3X + Y
–    (3.1) 
X– + SiH3Y  &   SiH3X + Y
–    (3.2) 
X– + PH2Y  &   PH2X + Y
–    (3.3) 
X– + POH2Y  &   POH2X + Y
–    (3.4) 
X– + PF2Y  &   PF2X + Y
–    (3.5) 
X– + POF2Y  &   POF2X + Y
–    (3.6) 
X– + PCl2Y  &   PCl2X + Y
–    (3.7) 
X– + POCl2Y  &   POCl2X + Y
–    (3.8) 
X– + P(CH3)2Y &   P(CH3)2X + Y
–   (3.9) 
X– + PO(CH3)2Y &   PO(CH3)2X + Y
–   (3.10) 
X– + PO(OCH3)2Y &   PO(OCH3)2X + Y
–   (3.11) 
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3.2 Results and Discussion 
3.2.1 Potential Energy Surfaces 
 
Table 3.1 Energies (in kcal/mol) relative to reactants of stationary points occurring in SN2@C, 
SN2@Si and SN2@P reactions.a 
   OLYP/TZ2P OLYP/QZ4P c mPBE0KCIS/QZ4P d 
No. Reaction PESb RC preTS TS/TC RC preTS TS/TC RC preTS TS/TC 
1a Cl– + CH3Cl d -9.0 - -0.1 -8.1 - 2.1 -9.2 - 3.1 
1b OH– + CH3OH d -10.2 e - 6.2 -8.0 e - 10.1 -6.2 e - 13.8 
2a Cl– + SiH3Cl s - - -24.4 - - -21.8 - - -25.7 
2b OH– + SiH3OH s - - -53.8 - - -47.5 - - -52.2 
3a Cl– + PH2Cl s - - -26.2 - - -23.4 - - -25.6 
3b OH– + PH2OH s - - -40.2 - - -34.7 - - -36.8 
4a Cl– + POH2Cl s - - -22.3 - - -19.6 - - -22.8 
4b OH– + POH2OH s - - -48.8 - - -42.3 - - -47.6 
5a Cl– + PF2Cl s - - -24.7 - - -21.8 - - -24.3 
5b OH– + PF2OH s - - -45.5 - - -39.4 - - -42.6 
6a Cl– + POF2Cl s - - -13.6 - - -10.5 - - -13.3 
6b OH– + POF2OH s - - -54.2 - - -47.1 - - -53.0 
7a Cl– + PCl2Cl s - - -23.3 - - -20.2 - - -22.3 
7b OH– + PCl2OH s - - -52.0 - - -46.1 - - -49.3 
8a Cl– + POCl2Cl t -17.5 -2.0 -8.4 -14.9 -0.9 -5.6 -12.8 -3.4 -9.0 
8b OH– + POCl2OH t -34.5 f -58.0 g -28.6 f -51.6 g -23.3 f -57.2 g
 
9a Cl– + P(CH3)2Cl t -13.0 -12.7 -15.6 -11.2 -10.5 -12.6 -13.8 -13.7 -15.6 
9b OH– + P(CH3)2OH t -28.7(w) h
 -26.1(w) h -32.7 -23.1(w) h
 -20.6(w) h -26.9 -24.7(w) h
 -22.4(w) h -29.6 
10a Cl– + PO(CH3)2Cl d -16.2 - -5.7 -14.2 - -2.9 -17.2 - -7.4 
10b OH– + PO(CH3)2OH t -34.3(w) h
 -20.6 -33.9 -28.2(w) h
 -15.2 -27.0 -30.9(w) h
 -18.9 -32.3 
11a Cl– + PO(OCH3)2Cl d -14.1 - 2.5 -12.0 - 4.9 -14.7 - 2.0 
11b OH– + PO(OCH3)2OH t -26.3 -18.7 -33.4 -21.5 -12.6 -26.5 -23.6 -16.6 -32.3 
11c CH3O
– + PO(OCH3)2OCH3 t -16.2 -4.6 -11.2 -14.5 -2.6 -8.8 -19.1 -9.4 -17.3 
a) Computed at OLYP/TZ2P; see Figure 3.1 for selected structures. b) Shape of potential energy surface: either single-well (s, no 
TS), double-well (d, one TS) or triple-well (t, two TS). c) Computed at OLYP/QZ4P//OLYP/TZ2P level. d) Computed at 
mPBE0KCIS[post-SCF@OLYP/QZ4P]//OLYP/TZ2P. e) Labile with respect to forming water–methoxide complex 1bWC. f) Not 
found due to nonconverging SCF. g) TC along enforced reaction coordinate 8b. This species is however TS for a symmetric frontside 
SN2@P substitution of Cl
– + POCl(OH)2 leading to expulsion of Cl
–. h) Water–carbanion complex "w" formed after barrier-free 
proton transfer from a methyl substituent to hydroxide. 
 
 
 Geometries, potential energy surfaces (PES) and analyses along the reaction 
coordinates have been computed consistently at OLYP/TZ2P.6 In our study, it is 
important that we do not miss a barrier in one of the model reactions. Therefore, we have 
verified the potential energy surfaces with a basis set (QZ4P)6 that is close to the basis-set 
limit using again OLYP and, in addition, the hybrid-functional mPBE0KCIS. This was 
done in a single-point manner using the OLYP/TZ2P geometries (see Table 3.1). In a 
recent benchmarking study on the performance of all classes of DFT approaches for 
describing SN2 reactions, OLYP emerged as the best functional for geometries whereas 
mPBE0KCIS achieved best agreement for relative energies as compared to CCSD(T) 
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computations (e.g., mean absolute deviation for SN2 central barriers of 1.854 kcal/mol).
8 
Inspection of the results in Table 3.1 shows that OLYP/TZ2P indeed tends to somewhat 
underestimate barriers compared to mPBE0KCIS/QZ4P: by up to 3 kcal/mol for X– = Cl– 
(1a – 11a) and by up to 7 kcal/mol for X– = OH– (1b – 11b). Importantly, however, all 
features that determine the nature of a model reaction (i.e., the number and relative height 
of intermediate complexes and transition states) remain the same at any of the three levels 
of theory. The remainder of the discussion is based on the OLYP/TZ2P computations. 
 
 In the case of X– = OH– (but not for X– = Cl–), regular backside nucleophilic 
substitution is found to compete with facile alternative pathways, notably proton transfer 
from substrate to the hydroxide anion. For example, the most stable encounter complex of 
OH– + CH3OH is not the direct precursor to SN2 substitution, i.e., the reactant complex 
OH–•••CH3OH (at –10.2 kcal/mol), but a water–methoxide complex (at –38.9 kcal/mol 
relative to reactants) that is formed through spontaneous proton transfer as OH– 
approaches CH3OH at the frontside. Here, we focus on the regular SN2 reaction 
coordinate because, in the present investigation, OH– is a model for alkoxides RO–, the 
structure of which rules out the above side reaction. However, in those instances in which 
alternative behavior unavoidably merges with the regular SN2 pathway, e.g., spontaneous 
proton transfer along the reaction coordinate (vide infra), it is explicitly discussed. 
 
 
 
Figure 3.1 Structures (in Å, deg; at OLYP/TZ2P) of selected stationary points for anionic SN2@C, 
SN2@Si and SN2@P reactions. 
 
 The characteristics of SN2@P strongly resemble those of SN2@Si and not SN2@C as 
follows, not unexpectedly,9 from comparing reactions 1 – 3 (see Table 3.1 and Figure 
3.1). The usual shift from a double-well PES for SN2@C to a single-well PES for SN2@Si 
is perfectly recovered along reactions 1 and 2. The reactant complexes (RC) in the 
SN2@C reactions of Cl
– (1a) and OH– (1b) are bound by –9.0 and –10.2 kcal/mol, and 
they are separated from the product complex (PC) by a central barrier of 8.9 and 16.3 
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kcal/mol, respectively. On the other hand, the SN2@Si reactions of Cl
– (2a) and OH– (2b) 
feature only a stable pentacoordinate TC (no TS, RC, PC) at –24.4 and –53.8 kcal/mol. 
The corresponding SN2@P reactions are electronically equivalent (isolobal) to both 
SN2@C and SN2@Si but they clearly show the behavior of the latter. Thus, going from 
CH3X to the isolobal PH2X, the central SN2 barrier disappears and the TS turns into a 
stable hypercoordinate TC, one at –26.2 kcal/mol for Cl– (3a) and a more stable one at  
–40.2 kcal/mol for OH– (3b). 
 The above shows that archetypal SN2@P at halophosphines proceeds just as SN2@Si 
does, that is, via a single-well PES, with a pronouncedly stable TC instead of a central 
barrier. This characteristic may however be changed by increasing the steric demand 
around phosphorus in the transition species, either by increasing the bulk of the 
substituents themselves or by increasing the coordination number from 4 to 5.10 This also 
brings us to the biologically relevant SN2@P reactions.
1,2 In particular, the (transient) 
pentacoordinate phosphorus structure has been studied and debated widely.1-3,10a,b In 
many cases, evidence for its existence as a stable intermediate is indirect, i.e., provided 
through elimination of alternative pathways (see, e.g., the search for a stable hydroxy-
phosphorane in Ref. 3).  
 Our computations show that either increasing the coordination number (Eq. 3.4) or 
slightly raising the steric bulk of the substituents alone (Eq. 3.7) does essentially not 
change the nature of the reaction profile which remains a single well with a stable TC (see 
Table 3.1 and Figure 3.1). Thus, going from Cl– attacking tricoordinate PH2Cl (3a) to Cl
– 
attacking tetracoordinate POH2Cl (4a) somewhat destabilizes the transition species but it 
remains a stable TC.  The increased stability in the TC from OH– + PH2OH (3b) to OH
– + 
POH2OH (4b) is caused by intramolecular hydrogen bonding between hydroxyl 
hydrogens and the oxygen substituent (not shown in Figure 3.1, discussed in more detail 
in Chapter 4). Likewise, if we replace hydrogen substituents at phosphorus by the more 
bulky chlorine atoms through going from X– attacking PH2X (Eq. 3.3) to X
– attacking 
PCl2X (Eq. 3.7), the transition species for X = Cl is destabilized but it remains an 
intermediate TC. The TC in the case of X– = OH– is again stabilized from reaction 3b to 
7b due to intramolecular hydrogen bonding, this time between hydroxyl hydrogens and 
the partially negatively charged chlorine substituents (not shown in Figure 3.1, see 
Chapter 4). 
 Only if the steric bulk of the substituents is further increased by going from chlorine 
(Eq. 3.7) to methyl substituents at phosphorus, i.e., in the reactions of X– + P(CH3)2X 
(Eq. 3.9), we observe a new feature along the PES, namely pre- and post-transition states 
that surround the transition species (see Table 3.1). The latter are destabilized for both, X 
= Cl (9a) and OH (9b), with respect to the corresponding reactions involving chlorine 
substituents (7a and 7b). But still they remain intermediate TCs, that is, they do not turn 
into transition states. Note that the pre- and post-barriers separating the reactant and 
product complexes from the stable TC are relatively small: only 0.3 kcal/mol for X = Cl 
(9a) and 2.6 kcal/mol for X = OH (9b) (see Table 3.1). Note also that in the RC and preTS 
of OH– + P(CH3)2OH (9b) spontaneous proton transfer occurs from one of the two methyl 
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groups to the hydroxide anion, leading to the formation of a water–carbanion complex 
HO–H•••–CH2–PCH3OH (not shown in Figure 3.1). This is indicated by the letter "w" in 
Table 3.1. The water–carbanion structure persists as the reaction further proceeds to the 
preTS but as the nucleophile–substrate O–P bond is formed in the symmetric transition 
complex TC, the proton stemming from the methyl group is returned to the latter. 
 Interestingly, the combined effect of an increased coordination number at phosphorus 
and more bulky chlorine substituents immediately induces a clear, qualitative change in 
the shape of the reaction profile towards a triple-well PES: going from X– + PH2X (Eq. 
3.3) to X– + POCl2X (Eq. 3.8), profound pre- and post-transition states arise on the PES. 
They separate reactant and product complexes from the pentacoordinate transition 
species. The latter is however still a stable TC. In the case of Cl– + POCl2Cl (8a), the 
preTS is a sizeable 15.5 kcal/mol above the RC and, compared to reaction 7a, the central 
TC is further destabilized, to only –8 kcal/mol relative to reactants (see Table 3.1). The 
central TC of OH– + POCl2OH (8b) receives again significant stabilization from 
intramolecular hydrogen bonding and drops to –58 kcal/mol relative to reactants. 
Analyses11,12 reveal that we are witnessing the "lift-off" of pre- and postTSs from the PES 
due to steric repulsion (Pauli repulsion) between the nucleophile and the substituents 
around phosphorus. This repulsion partially translates into geometric strain (deformation), 
which is still present in the central TC, after the steric pre-barrier has already been 
crossed (vide infra). 
 The most striking effect of increasing the electronegativity of the halogen substituents 
occurs in the SN2@P reactions involving the substrates with tetracoordinate phosphorus, 
i.e., X– + POR2X. Here, the change from chlorine (Eq. 3.8) to the more electronegative 
fluorine (Eq. 3.6) substituents causes the small pre- and post-barriers to disappear again. 
Furthermore, in the case of X– = Cl–, the TC is stabilized by –5.2 kcal/mol (compare 8a 
and 6a in Table 3.1) in the fluorine-substituted system in which the phosphorus atom is 
more positively charged, causing a more favorable interaction with the nucleophile. On 
the other hand, for X– = OH–, the reduced hydrogen bonding with the more 
electronegative F substituents causes a destabilization of +3.8 kcal/mol (compare 8b and 
6b in Table 3.1). The same trend in relative stabilities, only less pronounced, is found if 
one goes from chlorine (Eq. 3.7) to fluorine substituents (Eq. 3.5) in the SN2@P reactions 
involving the substrates with tricoordinate phosphorus, i.e., X– + PR2X (see Table 3.1). 
 Intrigued by the occurrence of barriers in the case of larger substituents, we further 
increased the steric bulk at tetracoordinate phosphorus through replacing the chlorine 
substituents (Eq. 3.8) by methyl (Eq. 3.10) and finally by methoxy groups as they are 
found in various organic and biological systems (Eq. 3.11).  Strikingly, with Cl– + 
PO(CH3)2Cl (10a) and Cl
– + PO(OCH3)2Cl (11a), we recover, for the first time, the 
classical double-well potential for an SN2 substitution at a third-period atom, with real 
transition states at –5.7 (10a) and +2.5 kcal/mol (11a) relative to the reactants (see Table 
3.1). The analyses11 show that this originates from a further increase of steric repulsion 
around the congested pentacoordinate phosphorus (vide infra). Figure 3.2 illustrates how, 
along reactions 4a, 8a and 11a, the increasing steric repulsion first causes the occurrence 
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of steric pre- and post-barriers, which eventually merge into one central barrier. The steric 
factors can be counteracted by strengthening the nucleophile–substrate interaction, e.g., 
by going from X– = Cl– to OH– (10b, 11b) or to CH3O
– (11c). This leads to a substantial 
stabilization of the transition species, which become again a stable TC (see Table 3.1). 
 
3.2.2 Activation Strain Analyses of Model Reactions 
 Next, we address the steric nature of the various SN2 reaction barriers that was already 
mentioned in the discussion above. The insight that these barriers are in most cases steric, 
emerges from our Activation Strain analyses of the model reactions11 as introduced in 
Chapter 2, paragraph 2.3. The Activation Strain model is a fragment approach to 
understanding chemical reactions in which the height of reaction barriers is described and 
understood in terms of the original reactants. Thus, the potential energy surface !E(") is 
decomposed, along the reaction coordinate ", into the strain !Estrain(") associated with 
deforming the individual reactants plus the actual interaction #Eint(") between the 
deformed reactants (Eq. 3.12).  
 
   
! 
"E #( ) = "E strain #( ) + "E int #( )      (3.12) 
 
 The strain !Estrain(") is determined by the rigidity of the reactants and on the extent to 
which groups must reorganize in a particular reaction mechanism, whereas the interaction 
!Eint(") between the reactants depends on their electronic structure and on how they are 
mutually oriented as they approach each other. It is the interplay between !Estrain(") and 
!Eint(") that determines if and at which point along " a barrier arises. The activation 
energy of a reaction !E$ = #E("TS) consists of the activation strain !E$strain = #Estrain("
TS) 
plus the TS interaction #E$int = #Eint("
TS): 
 
  
! 
"E
#
= "E
strain
#
+ "E
int
#        (3.13) 
 
 The interaction !Eint(") between the strained reactants can be further analyzed in the 
conceptual framework provided by the Kohn-Sham molecular orbital (KS-MO) model. 
To this end, it is further decomposed into three physically meaningful terms: 
 
   
! 
"E
int
#( ) = "Velstat + "EPauli + "Eoi      (3.14) 
 
 The term !Velstat corresponds to the classical electrostatic interaction between the 
unperturbed charge distributions of the deformed reactants and is usually attractive. The 
Pauli repulsion !EPauli comprises the destabilizing interactions between occupied orbitals 
and is responsible for any steric repulsion. The orbital interaction !Eoi accounts for 
charge transfer (interaction between occupied orbitals on one moiety with unoccupied 
orbitals of the other, including the HOMO–LUMO interactions) and polarization (empty–
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occupied orbital mixing on one fragment due to the presence of another fragment). In the 
present study, #Eoi is dominated by the donor–acceptor interactions between the lone-pair 
orbital of the nucleophile and the empty %*A–Y orbital (A = central atom, Y = leaving 
group) of the substrate. 
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Figure 3.2 Potential energy surfaces #E along the reaction coordinate of the SN2@P reactions of Cl
– + 
POR2Cl for R = H (black), Cl (red) and CH3O (blue), computed at OLYP/TZ2P. 
 
 The results of the Activation Strain analyses are collected in Figure 3.3 and Figure A1 
in Appendix A. In Figure 3.3, we show, in the left and middle panel, the decomposition of 
the SN2 potential energy surfaces #E(") and, in the right panel, that of the nucleophile–
substrate interactions #Eint(") of Cl
– + CH3Cl (1a), PH2Cl (3a), POH2Cl (4a), PO(CH3)2Cl 
(10a). This series is representative for the observed disappearance of the reaction barrier 
from SN2@C (1a) to SN2@P (3a) and the reappearance of a such a barrier for SN2@P as 
the steric bulk of substituents at phosphorus increases along reactions 3a, 4a and 10a. 
 For each reaction, three situations are analyzed, which are distinguished in the 
illustrations through a color code: black, blue and red lines. The black lines refer to the 
regular internal reaction coordinate (IRC). The IRC is modeled by a linear transit in 
which the nucleophile–central-atom distance and the central-atom–leaving-group distance 
run synchronously from their value in the RC to that in the transition structure, TS or TC, 
in 20 steps. All other geometrical degrees of freedom are fully optimized at each step. In 
those instances, in which no RC exists, the IRC runs from a geometry that closely 
resembles the separate reactants ("R") to the TC, where "R" is defined by a nucleophile–
central-atom distance of 6 Å and the central-atom–leaving-group distance in the 
equilibrium structure of the substrate. Next, the analyses represented in blue lines refer to 
the situation in which the geometry of the substrate is kept frozen to its geometry in the 
RC (or "R"), except for the central-atom–leaving-group distance and relative orientation, 
i.e., the [CH3] or [POR2] moiety is frozen, but the leaving group still departs as the 
nucleophile approaches. The red lines, finally, refer to analyses in which the entire 
substrate is frozen to the geometry it adopts in the RC or to its equilibrium geometry 
("R").
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Figure 3.3 Analysis of the potential energy surfaces #E of the SN2 reactions of Cl
– + CH3Cl (1a), Cl
– + 
PH2Cl (3a), and Cl
– + POR2Cl for R = H (4a) and CH3 (10a) along the reaction coordinate projected onto 
the Cl––P (or Cl––C) distance. Left panel: Potential energy surfaces #E. Middle panel: Activation Strain 
analysis of the potential energy surfaces #E = #Estrain (bold lines) + #Eint (dashed lines). Right panel: energy 
decomposition of the nucleophile–substrate interaction #Eint = #Velstat (dashed lines) + #EPauli (bold lines) + 
#Eoi (plain lines). Black lines: regular internal reaction coordinate (IRC). Blue lines: IRC with geometry of 
[CH3], [PH2] or [POR2] unit in substrate frozen to that in the reactant complex (RC) or reactants ("R"). Red 
lines: IRC with geometry of entire substrate frozen to that in the RC or "R". 
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 First, we examine the SN2@C reaction of Cl
– + CH3Cl (1a). As the reaction progresses 
from RC to TS, the energy #E rises from –9 to 0 kcal/mol (plain black line in Figure 3.3, 
left; see also Table 3.1). In terms of the Activation Strain model, this is so because the 
stabilization due to the nucleophile–substrate interaction #Eint can not compensate the 
strain #Estrain that is building up in the substrate. 
 What causes the substrate strain? And, is there a mechanism that prevents #Eint from 
becoming stronger? The nucleophile–substituent (Cl––H) distance in 1aTS is only 2.59 
Å, significantly shorter than the 3.20 Å in 1aRC (see Figure 3.1). This contact would be 
even shorter if the H substituents would not bend backward leading to a planar CH3 
moiety in the TS. Indeed, if we freeze [CH3] in its pyramidal geometry of the RC, the 
energy #E goes up by more than 10 kcal/mol at the TS (compare blue and black lines in 
Figure 3.3, left 1a). This is nearly entirely due to a reduction by more than 10 kcal/mol in 
the nucleophile–substrate interaction #Eint (blue dashed line, Figure 3.3, middle 1a). Note 
that the strain curve is hardly affected. It is only slightly destabilized because, as the 
leaving group moves away, [CH3] recovers its intrinsic preference to minimize steric H–
H repulsion by adopting a planar geometry14 (but this is prevented here because [CH3] is 
kept frozen in the pyramidal geometry of the RC). The reason that #Eint is substantially 
weakened appears to be a substantial raise in steric, that is, Pauli repulsion between the 
occupied Cl– 3p AOs and C–H bonding orbitals on CH3Cl (see raise from black to blue 
bold lines in Figure 3.3, right 1a). Both, the bonding orbital interactions #Eoi and the 
electrostatic attraction #Velstat are hardly influenced. 
 The buildup of substrate strain can only be avoided by completely freezing the 
substrate to its geometry in the RC, in which case the carbon–leaving-group distance 
remains fixed at the short value of 1.84 Å (see 1aRC in Figure 3.1). One might expect the 
barrier on the PES to collapse as the strain at the TS drops by some 30 kcal/mol to 
practically15 zero (see red bold line in Figure 3.3, middle 1a). But this is not the case. The 
barrier goes down by only 3 kcal/mol compared to the partially frozen situation! This is 
because the nucleophile–substrate interaction #Eint (which is now approximately equal to 
#E) is enormously destabilized and even becomes repulsive near the TS (compare red and 
blue dashed lines in Figure 3.3, middle 1a). The reason is not a further increase of the 
Pauli repulsion, which remains practically unchanged (red and blue bold lines nearly 
coincide in Figure 3.3, right 1a). This is what one would expect as the steric appearance 
of the substrate, i.e., the frozen CH3 moiety, is the same in both simulations. The 
destabilization in #Eint can be traced to a comparable loss in bonding orbital interactions 
#Eoi (compare red and blue plain lines in Figure 3.3, right 1a). The origin is that the 
donor–acceptor interaction between the Cl– 3p AO and the CH3Cl %*C–Cl LUMO normally 
(black but also blue lines) induces an elongation in the carbon–leaving group bond which 
amplifies this stabilizing interaction because it leads to a lowering of the %*C–Cl orbital 
and thus a smaller, i.e., more favorable HOMO–LUMO gap. This effect has been 
switched off by not allowing the carbon–leaving-group bond to expand. The orbital 
interactions still increase as the nucleophile approaches because the <3p|%*C–Cl> overlap 
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increases, but they do so much less efficiently than when the carbon–leaving-group bond 
is free to expand.  
 
 The above analyses demonstrate how the interplay of steric (#EPauli) and electronic 
factors (#Eoi) determine the course and barrier height of the SN2@C reaction. They 
suggest that by decreasing the steric congestion at the central atom and by strengthening 
the nucleophile–substrate interaction, one can let the SN2 barrier disappear. This is 
exactly what happens if we go from Cl– + CH3Cl (1a) to the SN2@P substitution of Cl
– + 
PH2Cl (3a). The TS turns into a stable TC because the strain curve is decimated (from 32 
to 13 kcal/mol at the transition structure) and because the interaction becomes 7 kcal/mol 
more stabilizing (compare 1a and 3a in Figure 3.3, middle). The [PH2] moiety is not 
exposed to a deforming force. Keeping it frozen does not affect the curve of the Pauli 
repulsion because there is enough space around the tricoordinate phosphorus atom to let 
the nucleophile attack along a sterically favorable path (black, blue and red bold lines 
practically coincide in Figure 3.3, right 3a). Importantly, the #EPauli curves for Cl
– + 
PH2Cl (3a) are over a long trajectory significantly smaller than those of Cl
– + CH3Cl (1a); 
only shortly before the TC is reached, they really lift off because of the onset of direct 
Pauli repulsion with the large phosphorus atom. However, a small central barrier of ca. 3 
kcal/mol appears in the fictitious process in which the entire PH2Cl substrate is kept 
frozen to its equilibrium geometry (see Figure 3.3, left 3a). This is again primarily due to 
reduced donor–acceptor orbital interactions #Eoi between Cl
– 3p and substrate %*P–Cl 
LUMO (compare red and blue plain lines in Figure 3.3, right 3a). 
 The steric congestion at the central atom increases and the situation becomes 
reminiscent to that of the SN2@C reaction (1a), as we go from SN2 at tricoordinate 
phosphorus in Cl– + PH2Cl (3a) to SN2 at tetracoordinate phosphorus in Cl
– + POH2Cl 
(4a). Introducing the extra oxygen substituent tremendously increases the Pauli repulsion 
#EPauli in the fictitious process in which the [POH2] moiety is kept frozen pyramidal if 
compared to the corresponding process with a frozen [PH2] unit in reaction 3a (compare 
blue bold lines in Figure 3.3, right 4a vs. 3a). Pauli repulsion is converted into substrate 
strain in the real SN2@P process 4a, in which the substrate deformation is not suppressed 
(compare black and blue bold lines in Figure 3.3, middle and right 4a). Thus, from 
reaction 3a to 4a, the strain at the TC increases strongly from 13 to 27 kcal/mol. This is 
partially counteracted by a more favorable nucleophile–substrate interaction #Eint, which 
increases from –39 to –49 kcal/mol, with the more positively charged phosphorus in 
POH2Cl. After all, from reaction 3a to 4a, the TC is only slightly destabilized, from –26 
to –22 kcal/mol (see Table 3.1). 
 Finally, going from hydrogen substituents in Cl– + POH2Cl (4a) to methyl substituents 
in Cl– + PO(CH3)2Cl (10a), the steric bulk becomes sufficiently large to outweigh the 
favorable nucleophile–substrate interaction and to bring back the double-well potential 
with a central SN2 barrier. The Pauli repulsion #EPauli in the fictitious process in which the 
[POR2] moieties are kept frozen pyramidal jumps from 139 (4a) to 166 kcal/mol (10a) at 
the transition structure (in fact, it runs of the scale in the illustration: compare blue bold 
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lines in Figure 3.3, right 10a vs. 4a). The increased Pauli repulsion translates again into a 
higher strain energy in the real, unconstrained SN2@P reaction 10a (Figure 3.3, middle 
10a). The nucleophile–substrate interaction does not change that much from 4a to 10a. 
Thus, the increased steric bulk forces the central reaction barrier to reappear in this 
SN2@P substitution. The effects are somewhat more pronounced for the SN2@P reaction 
involving the methoxy substituents (see 11a in Figure A1 in Appendix A, and Table 3.1). 
 
 
3.3 Conclusions 
 The central barrier in SN2 reactions is determined by the interplay of steric (Pauli 
repulsion) and electronic effects (e.g., donor–acceptor orbital interactions). From SN2@C 
in Cl– + CH3Cl to SN2@P in Cl
– + PH2Cl, the central barrier disappears because there is 
less steric congestion and a more favorable interaction. But the central barrier reappears 
as the steric bulk around the phosphorous atom is raised along the model reactions Cl– + 
POH2Cl, PO(CH3)2Cl and PO(OCH3)2Cl. Our results highlight the steric nature of the SN2 
barrier.16 
 
Supporting Information Total energies of all species occurring in our model reactions, and additional 
analyses are available in Appendix A. 
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Abstract 
We have studied the characteristics of archetypal model systems for bimolecular 
nucleophilic substitution at phosphorus (SN2@P) and, for comparison, carbon (SN2@C) 
and silicon (SN2@Si), using the generalized gradient approximation (GGA) of density 
functional theory (DFT) at OLYP/TZ2P. Our model systems cover nucleophilic 
substitution at carbon in X– + CH3Y (SN2@C), at silicon in X
– + SiH3Y (SN2@Si), at 
tricoordinate phosphorus in X– + PH2Y (SN2@P3), and at tetracoordinate phosphorus in 
X– + POH2Y (SN2@P4). The main feature of going from SN2@C to SN2@P is the loss of 
the characteristic double-well potential energy surface (PES) involving a transition state 
[X–CH3–Y]
– and, instead, the occurrence of a single-well PES with a stable transition 
complex [X–PH2–Y]
– or [X–POH2–Y]
–. Differences between SN2@P3 and SN2@P4 are 
relatively minor. We have explored both the symmetric and asymmetric (i.e., X, Y = Cl, 
OH) SN2 reactions in our model systems, the competition between backside and frontside 
pathways, and the dependence of the reactions on the conformation of the reactants. 
Furthermore, we have studied the effect on symmetric and asymmetric SN2@P3 and 
SN2@P4 reactions of replacing hydrogen substituents at phosphorus by chlorine and 
fluorine in the model systems X– + PR2Y and X
– + POR2Y, with R = Cl, F. An interesting 
phenomenon is the occurrence of a triple-well potential energy surface in symmetric but 
also in asymmetric SN2@P4 reactions of X
– + POCl2–Y. 
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4.1 Introduction 
 Bimolecular nucleophilic substitution (SN2) is ubiquitous in organic chemistry.
1 This 
holds in particular for nucleophilic substitution at carbon centers (SN2@C) which, known 
for over 100 years,2 has been the subject of many experimental3 and theoretical4 studies. 
The nucleophilic substitution reaction between a halide anion and halomethane in the gas 
phase is generally used as an archetypal model for SN2@C (see Eq. 4.1): 
 
X– + CH3Y % CH3X + Y
–  :     SN2@C    (4.1) 
 
 This reaction proceeds preferentially through a backside nucleophilic attack of the 
halide anion at the carbon atom (SN2@C), which goes with concerted expulsion of the 
leaving group. A well-known feature of gas-phase SN2@C reactions is their double-well 
potential energy surface (PES) along the reaction coordinate,3f,5 shown in Figure 4.1A for 
an identity reaction in which X = Y (e.g., Cl– + CH3Cl % CH3Cl + Cl
–). This PES is 
characterized by two pronounced minima, associated with the reactant and product ion–
molecule complexes (RC and PC) that are interconverted through the transition state (TS) 
for nucleophilic substitution at carbon. In the case of nonidentity reactions in which X $ 
Y (e.g., Cl– + CH3Br % CH3Cl + Br
–), the shape of the PES is strongly influenced by the 
reaction enthalpy. Usually, the central barrier encountered from RC to TS decreases with 
increasing exothermicity and, eventually, disappears completely for highly exothermic 
reactions (see Figure 4.1D). 
 Whereas the SN2@C reaction has been extensively studied, much less investigations, 
both experimental and theoretical, have been devoted to studying the nature and 
mechanism of gas-phase nucleophilic substitution at other atoms, such as nitrogen,4g,6 
silicon4b,7 and phosphorus.7b,8–10 Nucleophilic substitution at nitrogen appears to be very 
similar to SN2@C in the sense that it is associated with a double-well PES. On the other 
hand, a striking change in the nature of the reaction mechanism occurs for nucleophilic 
substitution at silicon and phosphorus. An archetypal model for these reactions, i.e., 
SN2@Si and SN2@P, is the nucleophilic substitution between a halide anion and a 
halosilane or halophosphine (see Eqs. 4.2 and 4.3): 
 
X– + SiH3Y % SiH3X + Y
–   :     SN2@Si   (4.2) 
 
X– + PH2Y % PH2X + Y
–   :     SN2@P3   (4.3) 
 
 Note that this SN2@P3 reaction is isoelectronic with and structurally analogous to the 
SN2@C and SN2@Si reactions of Eqs. 4.1 and 4.2, notwithstanding the obvious 
difference that the central, electrophilic atom in SN2@P3 (Eq. 4.3) is tricoordinate (which 
is indicated with an affix "3" in our designation SN2@P3) while that in SN2@C is 
tetracoordinate (Eq. 4.1). However, at variance with the latter, the SN2@P3 reaction 
proceeds via a single-well PES, as shown in Figure 4.1B; that is, it proceeds without 
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encountering a first-order saddle point on the PES along the reaction coordinate.8 Thus, 
the transition structure [X–PH2–Y]
– of the SN2@P3 reactions is not a transition state (TS) 
but instead a stable transition complex (TC). This behavior closely resembles that for 
nucleophilic substitution at silicon (Eq. 4.2),7 and it returns also in the SN2@P4 reactions 
involving a tetracoordinate central phosphorus atom (see Eq. 4.4): 
 
X– + POH2Y % POH2X + Y
–  :     SN2@P4   (4.4) 
 
 One aspect that makes SN2@P reactions particularly interesting is their occurrence in 
various organic and biological processes involving pentacoordinate phosphorus species.11 
Yet, their nature has long not been fully understood, in particular, whether they are stable, 
intermediate transition complexes (TC) or labile transition states (TS). In Chapter 3 (see 
also Ref. 8a), we have shown for symmetric reactions (i.e., X = Y) how increasing the 
coordination number of the central atom as well as the substituents' steric demand shifts 
the SN2@P mechanism stepwise from a single-well potential (with a stable central TC) 
that is common for substitution at third-period atoms, via a triple-well potential (featuring 
a pre- and post-TS before and after the central TC), back to the double-well potential (in 
which pre- and post-barrier merge into one central TS) that is well-known for substitution 
reactions at carbon. Similar results were obtained also for SN2@Si reactions.
7a These 
results highlight the steric nature of the SN2 barrier, but they also show how electronic 
effects modulate the barrier height. 
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Figure 4.1 Types of potential energy surfaces encountered in SN2 reactions 1 – 8. R = reactants, RC = 
reactant complex, TS = transition state, TC = stable transition complex, PC = product complex, P = 
products. 
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 In the present chapter, we extend our previous work on reactions 4.1 – 4.4 (see 
Chapter 3) in three ways: i) we now include also the asymmetric reactions (X $ Y) to 
probe, among others, if the phenomenon of triple-well PESes with pre- and post-transition 
states may occur also in exothermic or endothermic reactions; ii) we also examine the 
dependence of the reactions on the conformation of the reactants; and iii) we include 
studies of front-side SN2@P and other alternative pathways in our explorations and 
compare these with the regular backside substitution. Thus, we have systematically 
explored all these issues in the symmetric and asymmetric SN2@C, SN2@Si, SN2@P3 
and SN2@P4 reactions of Eqs. 4.1 – 4.8 (with affixes a, b and c for [X,Y] = [Cl,Cl], 
[OH,OH] and [OH,Cl], respectively). 
 
X– + PF2Y % PF2X + Y
–   :     SN2@P3   (4.5) 
 
X– + POF2Y % POF2X + Y
–   :     SN2@P4   (4.6) 
 
X– + PCl2Y % PCl2X + Y
–   :     SN2@P3   (4.7) 
 
X– + POCl2Y % POCl2X + Y
–  :     SN2@P4   (4.8) 
 
 Our explorations were carried out using the generalized gradient approximation 
(GGA) of density functional theory (DFT)12 at OLYP/TZ2P.13 This level of theory was 
previously shown to agree within a few kcal/mol with highly correlated ab initio 
benchmarks.4b,14 
 Interestingly, we can show that a triple-well PES featuring a stable pentavalent 
transition complex that is separated from stable reactant and product complexes, occurs 
not only for the thermoneutral symmetric SN2@P4 reactions but also for endo- and 
exothermic asymmetric SN2@P4 reactions. 
 
 
4.2 Computational Methods 
 All calculations are based on density functional theory (DFT)12 and have been carried 
out with the Amsterdam Density Functional (ADF) program.15 Geometries and relative 
energies of the stationary points along the PESes of our model reactions as well as 
vibrational analyses thereof were computed with the generalized gradient approximation 
(GGA) of DFT using the OLYP functional, which involves the optimized exchange 
(OPTX) functional proposed by Handy and coworkers,13b and the Lee-Yang-Parr (LYP) 
correlation functional.13c The OLYP functional was shown to lead to major improvements 
with respect to other GGA functionals for describing chemical reactions.16 In particular, 
the notorious underestimation of activation barriers is dramatically reduced.14,16a,17 
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Previously, it was shown that OLYP agrees within a few kcal/mol with highly correlated 
ab initio benchmarks.4b,14  
 The OLYP functional was used in our computations in combination with the TZ2P 
basis set, which is a large uncontracted set of Slater-type orbitals (STOs) containing 
diffuse functions, which is of triple-# quality and has been augmented with two sets of 
polarization functions: 2p and 3d on hydrogen, 3d and 4f on carbon, fluorine, silicon, 
phosphorus and chlorine.15b,18 Note that no Gaussian basis functional are involved. The 
core shells of carbon, fluorine (1s), silicon, phosphorus and chlorine (1s2s2p) were 
treated by the frozen-core approximation.15b An auxiliary set of s, p, d, f and g STOs was 
used to fit the molecular density and to represent the Coulomb and exchange potentials 
accurately in each SCF cycle.15b,d All stationary points were confirmed to be equilibrium 
structures (no imaginary frequencies) or a transition state (one imaginary frequency) 
through vibrational analysis.19  
 
 
4.3 Results and Discussion 
 The results of our OLYP/TZ2P computations are collected in Tables 4.1 – 4.4 which 
contain key geometry parameters and relative energies. Additional data including figures 
for all stationary points are available as Supporting Information (Appendix B). There is a 
rich variation in structures, and Schemes 4.1 and 4.2 serve to summarize the required 
nomenclature. Scheme 4.1 defines the backside (Y–) and frontside leaving group (R1
–) 
and it serves to illustrate the various conformational variants that are possible if the 
nucleophile X– and/or the leaving group Y– are constituted by OH–. Scheme 4.2 provides 
generic types of structures as they occur in the backside SN2 pathways of reactions 1 – 8 
as well as in alternative pathways, such as frontside SN2 in which one of the substituents 
(i.e., R1) act as a frontside leaving group. The various types of potential energy surfaces 
(PES) are schematically depicted in Figure 4.1. 
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Scheme 4.1 Nomenclature for frontside (affix "-f" in designation) and backside (not explicitly indicated) 
leaving groups and for various conformations in the case of OH nucleophiles and/or leaving groups (A–R3 
= C–R3, Si–R3, P, or P=O). 
4  Nucleophilic Substitution at Phosphorus Centers 
 40 
 In the following, we begin with a comparison and evaluation of the various symmetric 
and asymmetric backside SN2 reactions (see Tables 4.1 – 4.2, Schemes 4.1 – 4.2, and 
Figure 4.1). Here, it should be noted that these reactions may proceed via different, 
although closely related, alternative pathways because of conformational isomerism, in 
the case that X– and/or Y– is hydroxide. The conformational isomerism that can (and 
does) occur in such instances is illustrated by the Newman projections in Scheme 4.1. For 
clarity, however, we first focus on the lowest-energy pathway of each of the backside SN2 
reactions. Later on, we extend our discussion to alternative backside SN2 pathways, via 
conformationally different intermediates, as well as to competing frontside SN2 processes. 
 
4.3.1 Backside Substitution at Carbon 
 
Table 4.1 Relative energies (in kcal/mol) of stationary points along the PES of the backside SN2 
pathways of reactions 1 – 8.a 
No. Reaction Shape of PES b RC preTS TS/TC postTS PC P 
1a Cl–  + CH3Cl double well (A) -9.02 – -0.14 – -9.02 0.00 
1b OH–  + CH3OH double well (A) -10.17 c – 6.16 – -10.17 c 0.00 
1c OH–  + CH3Cl single well (D) – – – – -71.54 -56.51 
2a Cl–  + SiH3Cl single well (B) – – -24.43 – – 0.00 
2b OH–  + SiH3OH single well (B) – – -53.79 – – 0.00 
2c OH–  + SiH3Cl single well (B) – – -71.04 – – -60.58 
3a Cl–  + PH2Cl single well (B) – – -26.17 – – 0.00 
3b OH–  + PH2OH single well (B) – – -40.19 – – 0.00 
3c OH–  + PH2Cl single well (B) – – -68.28 – – -58.00 
4a Cl–  + POH2Cl single well (B) – – -22.33 – – 0.00 
4b OH–  + POH2OH single well (B) – – -48.78 – – 0.00 
4c OH–  + POH2Cl single well (D) – – – – -79.68 -67.52 
5a Cl–  + PF2Cl single well (B) – – -24.74 – – 0.00 
5b OH–  + PF2OH single well (B) – – -45.49 – – 0.00 
5c OH–  + PF2Cl single well (B) – – -75.87 – – -67.87 
6a Cl–  + POF2Cl single well (B) – – -13.62 – – 0.00 
6b OH–  + POF2OH single well (B) – – -54.17 – – 0.00 
6c OH–  + POF2Cl double well (E) – – -73.44 -73.32 -76.13 -72.34 
7a Cl–  + PCl2Cl single well (B) – – -23.27 – – 0.00 
7b OH–  + PCl2OH single well (B) – – -51.99 – – 0.00 
7c OH–  + PCl2Cl single well (B) – – -75.34 – – -66.71 
8a Cl–  + POCl2Cl triple well (C) -17.48 -2.04 -8.43 -2.04 -17.48 0.00 
8b OH–  + POCl2OH triple well (C) -34.48 d -58.02 e
 d -34.48 0.00 
8c OH–  + POCl2Cl triple well (F) -44.71 d -70.25 -68.19 -82.28 -70.93 
a) Computed at OLYP/TZ2P. See Schemes 4.1 – 4.2 for schematic structures and definitions. See Table 4.2 for geometry 
parameters. b) Shape of potential energy surface: either single well (no TS), double well (one TS), or triple well (two TS); in 
parentheses the PES type as depicted in Figure 4.1. c) Labile with respect to forming water–methoxide complex 1bWC (see text). 
d) Not found due to nonconverging SCF. e) TC along enforced backside SN2@P reaction coordinate 8b with uu configuration (see 
Scheme 4.1). This species is, however, a TS for a symmetric frontside SN2@P substitution of Cl
– + POCl(OH)2 leading to the 
expulsion of Cl–. 
 
 
 First, we examine the backside SN2@C reactions 1a–c. The symmetric reactions in 
which X = Y are both either Cl– (1a) or OH– (1b) show, in agreement with previous 
reports,3,4 the characteristic double-well PES (see Figure 4.1A) where reactant complex 
(RC) and product complex (PC) are separated by a central barrier (with the TS on top)  
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Scheme 4.2 Generic structures I - VII of stationary points along backside and alternative frontside SN2 
pathways. Nucleophile indicated with X, leaving group with Y and frontside leaving group with R1 (A–R3 = 
C–R3, Si–R3, P, or P=O; R1, R2 = H, F, Cl; see also Scheme 4.1). For values of geometry parameters see 
Tables 4.2 and 4.4. 
 
 
of some 9 and 16 kcal/mol for 1a and 1b, respectively (see Table 4.1). Note that in the 
case of X– = OH– (but not for X– = Cl–), the regular backside nucleophilic substitution is 
found to compete with facile alternative pathways, notably proton transfer from the 
substrate to the hydroxide anion. For example, the most stable encounter complex of OH– 
+ CH3OH is not the direct precursor to SN2 substitution, i.e., the reactant complex OH
–
•••CH3OH (i.e., 1bRC at –10.2 kcal/mol: this is a second-order saddle point on an 
enforced collinear approach with &O–C–O fixed to 180°), but a methoxide–water 
complex (i.e., 1bWC at –38.9 kcal/mol relative to reactants; structure type Ic in Scheme 
4.2; see also Table B1 in Appendix B) that is formed through spontaneous proton transfer 
as OH– approaches CH3OH at the frontside. 
 The asymmetric reaction 1c of OH– + CH3Cl shows barrierless expulsion of the 
chloride leaving group, if OH– approaches the methyl group in a backside fashion within 
a reactive cone that is defined by a Cl–C–[OH–] angle of approximately 126°,20 resulting 
in a single-well PES (see Figure 4.1D). The resulting product complex 1cPC is at –71.5 
kcal/mol relative to reactants (see Table 4.1; structure type IIId in Scheme 4.2).  
However, if OH– approaches from outside this reactive cone, e.g., in a frontside fashion, 
reactant complex 1cRC' is formed at –20.4 kcal/mol in which the incoming hydroxide 
forms a hydrogen bond with one of the methyl C–H bonds (structure type Ib in Scheme 
4.2; see also Table B1). Reactant complex 1cRC' is separated from the reactive cone and 
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thus from 1cPC) by a very small barrier of only some 1 kcal/mol associated with reaching 
transition state 1cTS' (see Table B1 of Appendix B). 
 
Table 4.2 Geometry parameters (in Å, degrees) for stationary points of SN2 reactions 1 – 8.a 
Species Type b R1,2 c
 Conformation d X–A A–Y A–R1 e
 X–R1 f Y–R1 f X–R3 f
 Y–R3 f X–A–Y 
1aRC Ia H – 3.37 1.84 1.09 3.20 2.41 3.20 2.41 180 
1aTS IIa H – 2.35 2.35 1.07 2.59 2.59 2.59 2.59 180 
1bRC g Ia H dd 3.24 1.46 1.10 2.99 2.14 3.10 2.06 180 
1bTS IIa H dd 1.97 1.97 1.08 2.26 2.26 2.21 2.21 184 
1cPC IIId H d 1.40 3.72 1.11 2.10 3.73 2.04 4.78 54 
2aTC IIa H – 2.36 2.36 1.49 2.78 2.78 2.78 2.78 180 
2bTC IIb H ss 1.74 1.74 1.59 2.31 2.36 2.80 2.80 126 
2cTC IIa H d 1.77 2.58 1.50 2.50 2.82 2.37 2.81 184 
3aTC IIa H – 2.42 2.42 1.42 2.75 2.75 – – 172 
3bTC(uu) IIa H uu 1.92 1.92 1.42 2.33 2.33 – – 171 
3cTC(u) IIa H u 1.79 2.74 1.42 2.36 2.86 – – 171 
4aTC IIa H – 2.37 2.37 1.40 2.61 2.61 3.05 3.05 156 
4bTC(uu) IIa H uu 1.80 1.80 1.42 2.18 2.18 2.26 2.26 166 
4cPC(u) IIIb H u 1.65 3.57 1.45 2.41 2.16 2.58 4.67 103 
5aTC IIa F – 2.40 2.40 1.62 2.91 2.91 – – 182 
5bTC(dd) IIa F dd 1.80 1.80 1.69 2.44  2.44 – – 177 
5cTC(d) IIa F d 1.71 2.72 1.64 2.45 3.11 – – 182 
6aTC IIa F – 2.27 2.27 1.60 2.70 2.70 2.84 2.84 168 
6bTC(uu) IIa F uu 1.73 1.73 1.64 2.32 2.32 2.10 2.10 170 
6cTC(u) IIa F u 1.69 2.44 1.60 2.34 2.74 2.22 2.88 169 
6c-postTS(u) IIIa F u 1.64 3.23 1.56 2.41 3.16 2.42 3.43 165 
6cPC(u) IIIc F u 1.58 4.07 1.56 2.48 3.77 2.60 5.53 58 
7aTC IIa Cl – 2.42 2.42 2.11 3.32 3.32 – – 192 
7bTC(dd) IIa Cl dd 1.75 1.76 2.29 2.77 2.77 – – 171 
7cTC(d) IIa Cl d 1.70 2.71 2.15 2.85 3.47 – – 188 
8aRC Ib Cl – 4.80 2.09 2.06 2.74 3.32 5.64 2.97 107 
8a-preTS Ia Cl – 3.27 2.12 2.03 3.44 3.11 3.45 2.89 170 
8aTC IIa Cl – 2.30 2.30 2.10 3.04 3.04 2.84 2.84 170 
8bRC(uu) Ib Cl uu 4.31 1.65 2.14 2.17 3.01 5.17 2.49 103 
8bTC(uu) h IIa Cl uu 1.71 1.71 2.19 2.69 2.69 2.12 2.12 167 
8cRC(u) Ib Cl u 4.28 2.15 2.18 2.10 3.52 5.05 2.99 110 
8cTC(u) IIa Cl u 1.70 2.39 2.13 2.69 3.07 2.18 2.85 169 
8c-postTS(u) IIIa Cl u 1.66 3.09 2.05 2.76 3.36 2.34 3.29 170 
8cPC(u) IIIb Cl u 1.63 4.88 2.02 2.88 2.86 2.52 5.76 102 
a) Computed at OLYP/TZ2P. See Table 4.1 for relative energies. b) Generic types of stationary point (see Scheme 4.2). c) See 
Scheme 4.1 for perspective that defines R1 and R2. d) Orientation of hydroxyl protons: u = up, d = down, s = sideways (see Scheme 
4.1). e) A–R1 may differ from A–R2 if X
– or Y– interacts with R1 only. f) For X, Y = OH, the shortest [OH]–R distance is given, i.e. 
either O–R or H–R. g) Labile with respect to forming water–methoxide complex 1bWC (see text). h) See footnote "e" of Table 
4.1. 
 
 
 The change from the typical double-well PES for reactions 1a–b (Figure 4.1A) to the 
single-well PES for reaction 1c (Figure 4.1D) is driven by a substantial exothermicity of 
reaction 1c which overall amounts to –56.5 kcal/mol (see Table 4.1). Note that this is 
practically identical to the difference in proton affinities, i.e., –56.4 kcal/mol,21 between 
nucleophile (OH–) and leaving group (Cl–). The expelled Cl– leaving group migrates 
around the resulting methanol to form the Cl–•••HOCH3 product complex (1cPC) in 
which chloride hydrogen binds by –15 kcal/mol to the hydroxy group (structure type IIId 
in Scheme 4.2). 
4.3 Results and Discussion 
 43 
 In the SN2@C reactions involving hydroxide as nucleophile or leaving group (i.e., 1b 
and 1c), the orientation of the OH group(s) in the stationary points associated with the 
pathway of backside attack is in all cases "d" (see Scheme 4.1 and Table 4.2). This 
appears to be so irrespective of the initial orientation in the reactants as they approach 
each other. Thus, the OH group is always oriented staggered with respect to the methyl 
C–H bonds (reactions 1b and 1c) and cis with respect to a second O–H bond (reaction 
1b). 
 
4.3.2 Backside Substitution at Silicon 
 As pointed out in the introduction, the archetypal reactions of X– + CH3X and X
– + 
SiH3X are often employed to illustrate how the reaction profile changes from a double-
well PES, involving a central TS for substitution at a second-period atom (SN2@C), to a 
single-well PES associated with a stable TC for substitution at the third-period congener 
(SN2@Si).
4b,7a Indeed, the symmetric X– + SiH3X reactions 2a and 2b, in which X = Cl 
and OH, respectively, have a single-well PES (see Figure 4.1B) with barrierless formation 
of a stable central transition complex (TC) at –24 and –54 kcal/mol for 2aTC and 2bTC, 
respectively. In 2aTC the electronegative substituents X,Y = Cl occupy the axial 
positions (type IIa in Scheme 4.2). In 2bTC, however, the electronegative substituents 
X,Y = OH adopt equatorial positions (type IIb in Scheme 4.2). 
 The reactants OH– + SiH3OH of the symmetric SN2@Si reaction 2b can also combine 
and form, via barrierless proton transfer, a water complex SiH3O
–•••H2O (2bWC) which 
is about 5 kcal/mol more stable than the TC (structure type Ic in Scheme 4.2; see also 
Table B1 in Appendix B). This behavior resembles that of the corresponding SN2@C 
reaction 1b of OH– + CH3OH (vide supra). A difference with the SN2@C reaction is 
however that 2bWC is only formed if hydroxide approaches silanol at the hydroxy side 
while 1bWC is formed spontaneously in any (unconstrained) encounter of OH– and 
CH3OH, no matter if hydroxide starts its approach from methanol's methyl or hydroxy 
side. 
 The asymmetric SN2@Si reaction 2c of OH
– + SiH3Cl is again associated with a 
single-well PES featuring a stable TC (2cTC) at –71 kcal/mol (see Table 4.1). The 
exothermicity of the reaction is substantial and amounts to –61 kcal/mol. The fact that we 
deal with a pentavalent TC 2cTC (Figure 4.1B) rather than an asymmetric product 
complex resulting from barrierless expulsion of the Cl– leaving group (Figure 4.1D) 
becomes clear if we carefully examine the key geometry parameters in Table 4.2: the O–
Si and Si–Cl distances of 1.77 and 2.58 Å may suggest, at first sight, that we have a PC 
with an expelled Cl– leaving group. However, comparison with the corresponding O–Si 
distance in 2bTC (1.74 Å) and Si–Cl distance in 2aTC (2.36 Å) shows that the values in 
the asymmetric 2cTC only moderately deviate from those in a symmetric pentavalent TC 
(see Table 4.2 and structure type IIa in Scheme 4.2). 2cTC can either dissociate directly 
to the products SiH3OH + Cl
– or rearrange to a stable alternative product complex in 
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which chloride forms a hydrogen bond with silanol's hydroxyl group (see 2cPC-alt in 
Table B1 of Appendix B). 
 In the SN2@Si reactions involving hydroxide as nucleophile or leaving group (i.e., 2b 
and 2c), the OH group(s) in the transition complex adopt only one conformation, 
irrespective of the initial orientation in the reactants as they approach each other, namely, 
"ss" for 2bTC and "d" for 2cTC (see Scheme 1 and Table 4.2). Thus, the OH groups in 
2bTC are oriented parallel to two of the Si–H bonds (those which have adopted axial 
positions, vide supra), whereas the OH group conformation in 2cTC is staggered with 
respect to the silyl Si–H bonds. The situation that only one conformation of OH groups 
exists in the stationary points in the SN2@Si reactions 2b and 2c resembles the behavior 
in the corresponding SN2@C reactions 1b and 1c. 
 
4.3.3 Backside Substitution at Phosphorus 
 The symmetric nucleophilic substitutions at tricoordinate (SN2@P3, reactions 3a and 
3b) and tetracoordinate phosphorus (SN2@P4, reactions 4a and 4b) proceed via 
barrierless formation of a hypervalent transition complex in a single-well PES, much like 
the corresponding SN2@Si reactions 2 (see Table 4.1 and Figure 4.1B). This similarity 
between the PESes of SN2@P and SN2@Si, as previously shown in Chapter 3, agrees well 
with reports from others.8 We do however also find a new feature in the SN2@P reactions, 
namely, the existence, for a given set of reactants, of multiple pathways which differ from 
each other in the OH-group conformation (vide infra). 
 The symmetric SN2@P3 reactions 3a and 3b yield transition complexes 3aTC and 
3bTC(uu), both of structure type IIa, at –26.2 and –40.2 kcal/mol, respectively (see 
Scheme 4.2 and Table 4.1). Note that the transition complex 3bTC(uu) of the reaction 
between OH– and 3bR(u) (i.e., PH2OH with OH "up", see Scheme 4.1) is associated with 
the lowest-energy but not the only pathway: alternative pathways exist with OH-group 
conformations "ud" and "dd" and transition complexes 3bTC(ud) and 3bTC(dd) which 
are slightly higher in energy, i.e., by 1.2 and 2.4 kcal/mol, respectively, than 3bTC(uu) 
(see Table B1). 
 Introducing the phosphoryl oxygen, i.e., going from SN2@P3 reactions 3a and 3b to 
the corresponding SN2@P4 reactions 4a and 4b, yields transition complexes that are 
slightly destabilized (by 4 kcal/mol) in the case of 4aTC and stabilized (by 9 kcal/mol) in 
the case of 4bTC(uu) (see Table 4.2; structure type IIa in Scheme 4.2). The slight 
destabilization of 4aTC relative to 3aTC is ascribed to the higher extent of steric 
crowding associated with going from tetracoordination in the latter to pentacoordination 
in the former transition complex (see Chapter 3 and Ref. 8a). The higher extent of steric 
congestion in reactions 4a and 4b is also suggested by the somewhat smaller X–P–Y 
angles in 4aTC and 4bTC(uu) (156 and 166°) compared to those of 3aTC and 3bTC 
(172 and 171°, see Table 4.2). The stabilization by 9 kcal/mol of 4bTC(uu) relative to 
3bTC(uu) can be ascribed to the hydrogen bonds in the former between the phosphoryl 
oxygen and each of the two OH groups pointing "up", i.e., towards this negatively 
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charged oxygen atom (see Scheme 4.1). Interestingly, the energy rises only some 1 
kcal/mol if one goes to the 4bTC2(ss) conformer, in which the OH groups are oriented 
sideways, pointing toward the same hydrogen substituent at phosphorus (structure type 
IIb in Scheme 4.2; see also Table B1). This suggests dihydrogen bonding (DHB)22 in 
4bTC2(ss) between the protonic hydrogen in the OH groups and the (slightly) hydridic 
hydrogen substituent at phosphorus. We note that 4bTC2(ss) occurs as an intermediate in 
side reactions of the backside SN2@P4 process 4b (vide infra; see also Tables 4.3 and 
4.4). 
 Also the asymmetric SN2@P reactions 3c and 4c both proceed via single-well PESes 
but the character of the equilibrium structure in the potential energy well of OH– + PH2Cl 
(SN2@P3, reaction 3c) differs from that of OH
– + POH2Cl (SN2@P4, reaction 4c).  In the 
former, we have a hypervalent transition complex 3cTC(u) at –68 kcal/mol with O–P and 
P–Cl bonds of 1.79 and 2.74 Å (see Figure 4.1B; structure type IIa in Scheme 4.2), i.e., 
only slightly contracted and expanded, respectively, if compared to the corresponding 
values in 3bTC(uu) and 3aTC (see Tables 4.1 and 4.2). This resembles the nature of the 
corresponding SN2@Si reaction 2c of OH
– + SiH3Cl (vide supra). Dissociation of 
3cTC(u) leads to the formation of the products 3cP(u) + Cl–, i.e., PH2OH with OH in the 
"up" conformation (see Scheme 4.1). Overall, reaction 3c is exothermic by –58 kcal/mol 
(see Table 4.1). On the other hand, the asymmetric SN2@P4 substitution of OH
– + 
POH2Cl (reaction 4c) shows barrierless expulsion of the chloride leaving group, if the 
OH– approaches the POH2 group in a backside fashion within a reactive cone that is 
defined by a Cl–P–[OH–] angle of roughly 97°,20 resulting in a single-well PES (see 
Figure 4.1D). The resulting product complex 4cPC(u) is at –80 kcal/mol relative to 
reactants and contains a hydrogen bond between Cl– and a P–H bond, namely, Cl–•••H–
P(O)(OH)H (see Figure 4.1D; structure type IIIb in Scheme 4.2; see also Tables 4.1 and 
4.2). However, if OH– approaches from outside this reactive cone, e.g., in frontside 
fashion, spontaneous proton abstraction from POH2Cl takes place under formation of the 
H–O–H•••–POHCl water complex 4cWC at –73.8 kcal/mol (structure type VII in Scheme 
4.2; see also Table B1 of Appendix B). The absence of a transition complex and 
spontaneous formation of a product complex 4cPC(u) resembles the situation of the 
corresponding SN2@C reaction 1c of OH
– + CH3Cl (vide supra), which also proceeds via 
an asymmetric single-well PES as shown in Figure 4.1D. Dissociation of 4cPC(u) leads 
to the products 4cP(u) + Cl–, that is, POH2OH with OH in the "up" conformation (see 
Scheme 4.1). Overall, reaction 4c is exothermic by –67.5 kcal/mol (see Table 4.1). 
 
4.3.4 Chlorine-Substituent Effects on SN2@P 
 As pointed out above, the introduction of an extra (oxygen) substituent at phosphorus, 
from the tetracoordinate 3aTC to the pentacoordinate 4aTC, causes a slight 
destabilization of ca. 4 kcal/mol of the transition complex due to the increased steric 
congestion (see Table 4.1, Chapter 3 and Ref. 8a). Likewise, replacing the hydrogen 
atoms on phosphorus by the more bulky chlorine atoms, from the tetracoordinate 3aTC to 
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the tetracoordinate 7aTC, destabilizes the transition complex again by a comparatively 
small amount, ca. 3 kcal/mol (Table 4.1). In line with the increased steric demand of the 
chlorine substituents, the X–P–Y angle increases from 172° in 3aTC (i.e., axial 
nucleophile and leaving group slightly pointing down to the equatorial hydrogen 
substituents) to 192° in 7aTC (i.e., axial nucleophile and leaving group slightly pointing 
up, away from the equatorial chlorine substituents; structure type IIa in Scheme 4.2; see 
also Table 4.2). 
 More drastic effects occur from the symmetric SN2@P3 reaction 3a of Cl
– + PH2Cl to 
the SN2@P4 reaction 8a of Cl
– + POCl2Cl, along which both the coordination number at 
phosphorus and the steric bulk of the substituents R1 and R2 increase (see Scheme 4.1). If 
we go from 3aTC to 8aTC, the transition complex is significantly destabilized, namely, 
by some 18 kcal/mol (see Table 4.1). The X–P–Y angle remains essentially unchanged (it 
varies from 172 to 170°), in line with the more evenly distributed rise in steric demand 
around the central phosphorus atom (structure type IIa in Scheme 4.2; see also Table 4.2). 
In addition, the nucleophile and leaving group must now penetrate a steric barrier 
provided by the three substituents before they can bind to or leave the central phosphorus 
atom (vide infra). This gives rise to a qualitative change in the character of the reaction 
profile from single-well to triple-well PES (see Figures 4.1B, C). The latter features steric 
pre- and post-transition states 8a-preTS and 8a-postTS (at –2.0 kcal/mol, structure type 
Ia and IIIa, respectively) that separate the stable transition complex 8aTC (at –8.4 
kcal/mol, structure type IIa) by a barrier of 6.4 kcal/mol from the 9.1 kcal/mol more 
stable reactant and product complexes 8aRC and 8aPC (at –17.5 kcal/mol, structure 
types Ib and IIIb; see Tables 4.1 and 4.2, and Scheme 4.2). Note that there is now an 
intrinsic barrier of more than 15 kcal/mol associated with reaching the transition complex 
from the reactant complex (see Table 4.1).  
 Also in the case of the symmetric SN2@P4 reaction 8b of OH
– + POCl2OH a triple-
well PES occurs due to the increased steric congestion around the central phosphorus 
atom (vide infra). Here, however, the reactant and product complexes 8bRC(uu) and 
8bPC(uu) (at –34.5 kcal/mol, structure types Ib and IIIb) as well as the transition 
complex 8bTC(uu) (at –58.0 kcal/mol, structure type IIa) are significantly more stable 
than in the reaction 8a of Cl– + POCl2Cl (see Tables 4.1 and 4.2, and Scheme 4.2). This 
holds in particular for 8bTC(uu), which is even more stable than the reactant complexes, 
at variance with the situation for 8aTC. The enhanced stability of 8bTC(uu) can be 
largely ascribed to the two hydrogen bonds between the phosphoryl oxygen and the two 
OH groups that are pointing "up" and towards this oxygen atom (see Scheme 4.1). This 
intramolecular hydrogen bonding is similar to that in 4bTC(uu). 
 However, unlike the other stationary points, 8bTC(uu) is stable only along an enforced 
backside-SN2 reaction coordinate 8b. This species is in fact labile with respect to 
expulsion of a chloride anion and corresponds to the transition state for the frontside 
SN2@P4 reaction of Cl
– + PO(OH)2Cl (designated SN2@P4-f) shown in Equation 4.9: 
 
 Cl– + PO(OH)2Cl % ClPO(OH)2 + Cl
–  :     SN2@P4-f  (4.9) 
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 Note that this implies that, proceeding from the reactants OH– + PO(Cl)2OH and 
approaching the saddle point of 8bTC(uu), the process will deviate from the straight 
backside SN2@P4 path of reaction 8b and enter into the channel of reaction 9, thus 
leading to the same products as the latter. Overall, this yields the frontside SN2@P4-f 
reaction shown in Equation 4.10: 
 
OH– + PO(Cl)2OH % ClPO(OH)2 + Cl
–   :     SN2@P4-f  (4.10) 
 
 Next, we address the question if the triple-well character of the PES (see Figure 4.1C) 
is robust towards introducing an asymmetry by making the reaction exothermic. In the 
case of the SN2@C reactions 1, for example, we have seen how a central barrier of 9 
kcal/mol can disappear if we go from the thermoneutral reaction 1a of Cl– + CH3Cl to the 
–57 kcal/mol exothermic reaction 1c of OH– + CH3Cl (vide supra). Likewise, if we go 
from the symmetric, thermoneutral SN2@P4 reaction 8a of Cl
– + POCl2Cl to the 
asymmetric reaction 8c of OH– + POCl2Cl, we introduce an even larger exothermicity of 
–71 kcal/mol (see Table 4.1). Interestingly, although the reaction profile becomes 
asymmetric, the triple-well nature of the PES is nevertheless preserved, that is, we go 
from the PES-type in Figure 4.1C to that in Figure 4.1F. Thus, we have a reactant 
complex 8cRC(u) at –44.7 kcal/mol (structure type Ib), a stable transition complex 
8cTC(u) at –70.3 kcal/mol (structure type IIa) and a product complex 8cPC(u) at –82.3 
kcal/mol (structure type IIIb), which are separated from each other by a pre- and a post-
transition state (see Table 4.1 and Scheme 4.2). The pre-transition state could not be 
optimized due to a nonconverging SCF procedure. However, the post-transition state 8c-
postTS(u) is found at –68.2 kcal/mol (structure type IIIa) which corresponds to a barrier 
of 2.1 kcal/mol for going from the transition complex to the product complex (see Table 
4.1). 
 
4.3.5 Fluorine-Substituent Effects on SN2@P 
 The origin of the chlorine-substituent effect discussed in the preceding section 
originates primarily from the larger steric demand of chlorine atoms compared to 
hydrogen atoms. This is consistent with the observed occurrence of steric pre- and/or 
post-barriers around the stable transition complex in reactions 8 in which both the 
coordination number and the steric size of the substituents R1 and R2 are largest. 
Furthermore, the steric origin of such features on the PES has been revealed explicitly in 
Chapter 3 (see also Ref. 8a) and Ref. 7a through activation-strain analyses23 along the 
series of the symmetric reactions of Cl– + CH3Cl (1a), Cl
– + SiH3Cl (2a), Cl
– + PH2Cl 
(3a), Cl– + POH2Cl (4a) and Cl
– + PO(CH3)2Cl (not in the present set of model reactions).  
 Yet, the increase in electronegativity from R1, R2 = H to Cl is likely to have interfered 
(e.g., through inductive mechanisms) with the steric effects and thus affect that net result. 
It is difficult to separate the two effects. To shed some light on how electronegativity 
influences the observed changes in the reaction profiles, we have compared chlorine with 
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fluorine substitution. Fluorine is also larger than hydrogen, although not as much as 
chlorine, but it is significantly more electronegative than the latter. Thus, steric effects 
will be smaller for fluorine whereas electronegativity effects are amplified to a maximum. 
 First, we focus on the trend in stability of the transition complexes in the symmetric 
SN2@P4 reactions with X, Y = Cl: fluorine substitution, i.e., going from 4aTC (at –22.3 
kcal/mol) to 6aTC (at –13.6 kcal/mol), causes a destabilization of the transition complex 
by 9 kcal/mol (see Table 4.1). This is still significant but clearly less than the 
corresponding destabilization by 14 kcal/mol that goes with chlorine substitution from 
4aTC to 8aTC. Thus, when going from reaction 8a (i.e., Cl substitution) to reaction 6a 
(i.e., F substitution) the transition complex is stabilized by 5 kcal/mol. In addition, and 
more strikingly, the pre and post-barriers disappear from reaction 8a to 6a. This remains 
so also in reaction 6b of OH– + POF2OH, which features a stable transition complex 
6bTC(uu) that is strongly stabilized by two intramolecular hydrogen bonds (see Table 
4.1). This is very similar to the situation for 8bTC(uu) (which, as we recall, is however 
labile with respect to expulsion of a chloride substituent). Apparently, the higher 
electronegativity of fluorine relative to chlorine substituents does not make up for the 
somewhat reduced steric bulk in the former. These results support a more prominent role 
of the steric factors over the electronegativity ones in causing the pre and post-barriers 
that occur upon H/Cl substitution. 
 With one interesting exception, the situation is similar for the asymmetric SN2@P4 
reactions. If we go from reactions 8c (i.e., Cl substitution) to the corresponding 
asymmetric SN2@P4 reaction 6c (i.e., with F substitution), the pre barrier disappears (see 
Tables 4.1 and 4.2). Note, however, that the post barrier remains intact, although it has 
been reduced to only 0.1 kcal/mol. This yields a double-well PES as shown in Figure 
4.1E. In the initial product complex 6cPC(u), the expelled Cl– leaving group coordinates 
to the hydroxyl oxygen and the fluorine substituents, collinear with the P=O bond 
(structure type IIIc in Scheme 4.2). Product complex 6cPC(u) is only weakly bound, i.e., 
by –3.8 kcal/mol, with respect to dissociation into the final products POF2OH + Cl
– (see 
Table 4.1). Alternatively, it may rearrange to form a more stable complex 6cPC(u)-alt in 
which Cl– forms a hydrogen bond of –37.0 kcal/mol with the OH group, i.e., POF2O–
H•••Cl– (structure type IIId in Scheme 4.2; see also Table B1 of Appendix B). This 
supports, again, a more prominent role of steric factors causing the pre- and post-barriers 
and thus the triple-well PES. 
 
4.3.6 Effect of the Hydroxy Conformation on SN2@P 
 The OH groups in the SN2@P3 and SN2@P4 reactions involving hydroxide as leaving 
group and/or nucleophile can, as already mentioned above, adopt different orientations. In 
most, but not all cases, these orientations can give rise to different stable conformers and 
thus to different pathways (see Scheme 4.1). So far, we have focused on the lowest-
energy pathways corresponding to stationary points with the most stable conformations. 
Here, we briefly discuss the other conformers that constitute the higher energy pathways.
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 We begin with the SN2@P3 reactions. For reaction 3b of OH
– + PH2OH, the most 
stable transition complex is 3bTC(uu), i.e., both O–H bonds pointing "up" (see Scheme 
4.1). Switching one or both OH groups downwards, i.e., going from 3bTC(uu) to 
3bTC(du) and finally to 3bTC(dd), leads in each of the two steps to a rise in energy of 
1.2 kcal/mol (see Table B1). This is ascribed to an increase in steric repulsion between 
O–H and P–H bonds (see also Refs. 24). On the other hand, for the SN2@P3 reactions 5b 
and 7b the most stable conformation is with the O–H bonds pointing downwards, i.e., 
towards the electronegative fluorine and chlorine substituents, respectively. This is 
ascribed to the possibility to form intramolecular hydrogen bonds of the type O–H•••R 
with R = F or Cl. Thus, switching one or two OH groups upwards along 5bTC(dd), 
5bTC(ud) and 5bTC(uu), the energy of the transition complex goes up by 1.5 and 1.6 
kcal/mol, respectively (see Table B1). 
 Interestingly, 7bTC(dd) is the only stable conformer for the transition complex 
resulting from OH– + PCl2OH. Thus, the regular backside SN2@P3 reaction 7b only 
occurs if OH– is oriented "d" as it approaches PCl2OH. Alternatively, if OH
– approaches 
in a "u"-oriented fashion (and/or if the substrate itself is in its alternative "s" conformation 
7bR(s), which is 2.8 kcal/mol above 7bR(d), see Table B1), a chloride substituent acts as 
a leaving group and is spontaneously expelled. This corresponds overall to a barrierless 
frontside SN2@P3 reaction, designated SN2@P3-f (Eq. 4.11; see also entry 7b'' in Table 
4.3): 
 
OH– + PCl2OH % PCl(OH)2 + Cl
–  :     SN2@P3-f   (4.11) 
 
 This process leads initially to a very stable PCl(OH)2•••Cl
– complex, 7bPC($2)-f (at  
–100.2 kcal/mol, see Table 4.3) in which the PCl(OH)2 unit binds dihapto, i.e., through its 
two O–H bonds, with Cl– (structure type Vb in Scheme 4.2). Overall, reaction 11 is  
–64.2 kcal/mol exothermic (see Table 4.3 and Table B1). The same overall 
transformation can also proceed via the stable transition complex 7bTC(dd) (structure 
type IIa in Scheme 4.2). But, proceeding from the latter, a small barrier of 0.3 kcal/mol 
(provided by 7bTS(dd)-f, see Table B1) must be surmounted before the chloride leaving 
group can be expelled. 
 In the SN2@P4 reactions 4b, 6b and 8b, the most stable orientation for the O–H bonds 
is in all cases "u" because of the intramolecular hydrogen bonds with the phosphoryl 
oxygen atom. In fact, for SN2@P4 reaction 4b of OH
– + POH2OH, the only stable 
transition complex is 4bTC(uu) (structure type IIa in Scheme 4.2). All other 
conformations reorient spontaneously to the one in this transition complex. On the other 
hand, for reactions 6b and 8b, other conformations have been found with either one or 
two O–H bonds pointing "down". Thus, switching one or both OH groups downwards, 
i.e., going from 6bTC(uu) to 6bTC(du) to 6bTC(dd), causes the energy to increase first 
by 2.3 kcal/mol and then by another 2.6 kcal/mol (see Scheme 4.1 and Table B1). 
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 In the case of the transition complexes 5bTC(dd), 6bTC(uu) and 7bTC(dd), we note 
that interchanging axial (i.e., X = Y = OH) and equatorial positions (i.e., R1 = R2 = F, F 
and Cl, respectively), i.e., going from structure type IIa to IIb in Scheme 4.2, causes a 
substantial stabilization of –14, –12 and –34 kcal/mol, respectively (see 5bTC-alt, 6bTC-
alt and 7bTC-alt in Table B1). These species are, however, not located directly on the 
routes of the SN2@P pathways that start from reactants in their most stable conformation. 
Instead, they may proceed from the substrate in a higher energy conformation. 
 We have fully explored such pathways for OH– attacking the neutral molecule 7bR(s) 
in which the OH group in PCl2OH is oriented sideways instead of down, as in the –2.8 
kcal/mol more stable 7bR(d) (see Table 4.3; see also Scheme 4.1). This gives rise to the 
following alternatives, contained in Table 4.3, to the backside and frontside channels of 
reaction 7b: (i) the stable 7bTC-alt is formed in reactions 7b' in which 7bR(s) is attacked 
by an "s"-oriented OH– that points into the opposite direction as compared to the OH 
group in the substrate; (ii) product complex 7bPC($2)-f (structure type Vb in Scheme 4.2) 
is formed in reaction 7b'' which covers all other orientations of the incoming OH–. 
Transition complex 7bTC-alt of reactions 7b' can either dissociate into the backside 
SN2@P3 products 7bP(d) + OH
–, which is nearly but not exactly thermoneutral, or into 
the frontside SN2@P3-f products 7bP-f/alt + Cl
–, which is –67.1 kcal/mol exothermic (see 
Table 4.3). Note that the backside SN2@P3 reaction 7b' is slightly exothermic (–2.8 
kcal/mol) and not exactly thermoneutral as the backside SN2@P3 reaction 7b, because the 
substrate of reaction 7b' is in a conformation that is by that amount higher in energy than 
the ground state conformation. 
 In conclusion, the SN2@P3 and SN2@P4 reactions involving hydroxide as leaving 
group and/or nucleophile can, depending on the orientations of the O–H bonds, proceed 
via parallel backside SN2 pathways that are 1 to 5 kcal/mol above the lowest-energy 
pathway, or they may deviate into alternative mechanistic pathways (e.g., reaction 7b 
which is redirected toward reaction 11). 
 
4.3.7 Frontside SN2@P and Other Alternative Elimination Pathways 
 We have discussed the regular backside SN2@P pathways 3 – 8 of our model reaction 
systems, substituent effects thereon, and the dependence of the reactions on OH-group 
conformations. There, in some of the hydroxide-induced reactions, we have encountered 
competing reaction channels leading towards frontside SN2@P in which one of the 
substituents R plays the role of leaving group. This has prompted us to explore more 
systematically the frontside versus backside SN2@P competition for reactions 3b – 8b 
(i.e., X = Y = OH) and a few others (see Tables 4.3 and 4.4 and Scheme 4.2). 
 Both thermodynamically and kinetically, the simple frontside SN2@P3-f and SN2@P4-
f reactions (see Eqs. 4.12 and 4.13) are either comparable to, or significantly more 
favorable than the corresponding backside pathways (compare "front" with "back" in 
Table 4.3). 
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OH– + PR2Y % PRY(OH) + R
–  :     SN2@P3-f   (4.12) 
 
OH– + POR2Y % PORY(OH) + R
–  :     SN2@P4-f   (4.13) 
 
 
Table 4.4 Geometry parameters (in Å, degrees) of selected stationary points of 
frontside SN2@P and other alternative pathways to reactions 3 - 8 with OH
– as 
nucleophile.a 
Species Type b R1,2 c
 X–P P–Y P–R1
 d P–R2
 e X–R1
 f X–P–Y 
3bTS(uu)-f  IV H 1.69 1.69 4.11 1.42 5.23 104 
3bPC-f VI H 1.54 1.74 4.16 1.51 0.75 (2.52) 106 
4bTS1(ss)-f IIa H 1.78 1.78 1.46 1.43 2.15 143 
4bTC2(ss)-f IIb H 1.73 1.73 1.50 1.44 1.98 120 
4bTS2(ss)-f IV H 1.65 1.65 2.09 1.43 1.70 114 
4bPC-f VI H 1.51 1.69 4.54 1.44 0.75 (2.95) 106 
5bTS(dd)-f IV F 1.72 1.72 2.05 1.67 1.87 146 
5bPC-f VI F 1.54 1.69 3.59 1.69 1.02 (1.44) 105 
6bTS(uu)-f IV F 1.59 1.60 3.02 1.56 2.85 110 
6bPC-f VI F 1.50 1.65 3.73 1.62 0.98 (1.54) 108 
6cTS1(s)-f IIa F 1.69 2.32 1.67 1.63 2.15 149 
6cTC2(s)-f IIb F 1.65 2.15 1.77 1.67 1.93 115 
6cTS2(s)-f IV F 1.60 2.09 2.13 1.64 1.52 112 
6cPC-f VI F 1.50 2.11 3.85 1.61 0.97 (1.60) 107 
7bTS(dd)-f IV Cl 1.73 1.73 2.44 2.26 2.55 165 
7bPC(h2)-f Vb Cl 1.61 1.61 3.70 2.23 2.03 (1.02) 104 
7bTC-alt IIb Cl 1.66 1.66 2.47 2.47 2.35 104 
7bTS-f/alt IV Cl 1.66 1.66 2.64 2.35 2.25 104 
7bPC(h1)-f Va Cl 1.57 1.66 3.85 2.23 1.68 (1.13) 101 
8bPC(h1)-f Va Cl 1.51 1.63 3.89 2.12 1.49 (1.31) 107 
8bTS(h1/h2)-f Va Cl 1.54 1.63 3.75 2.08 1.63 (1.16) 109 
8bPC(h2)-f Vb Cl 1.58 1.58 3.60 2.10 1.98 (1.02) 107 
8cTS(s)-f IV Cl 1.69 2.36 2.18 2.13 2.72 163 
8cPC-alt IIIe Cl 1.50 2.10 4.09 2.10 1.39 (1.50) 107 
a) Computed at OLYP/TZ2P. See Table 4.3 for relative energies. b) Generic types of stationary point (see 
Schemes 4.1 – 4.2. c) See Scheme 4.1 for perspective that defines R1 and R2. d) Distance to frontside leaving 
group R1. e) Distance to non-leaving R2. f) Shortest distance between an atom of X (= OH) and R1. For product 
complexes the O–H distance in X (= OH) is shown in parentheses to indicate whether proton-transfer has 
occurred. 
 
 
 Hydride is, not unexpectedly, the worst and chloride the best among the frontside 
leaving groups studied here. Thus, the reaction energies of both SN2@P3-f (#E = 2.3,  
–13.2, –64.2 kcal/mol for 3b, 5b, 7b) and SN2@P4-f (#E = –8.1, –17.9 and –70.2 
kcal/mol for 4b, 6b, 8b) become more exothermic as the frontside leaving group varies 
along R = H, F, Cl (see Table 4.3). These frontside pathways are thermodynamically 
competitive with the corresponding backside SN2@P3 and SN2@P4 reactions involving 
the hydroxide (Y = OH) leaving group, which are all thermoneutral (see Table 4.3).  
In most cases, the frontside pathway proceeds via one or more barriers on the PES (see 
Table 4.3). This holds, for example for reactions 3b – 7b (and also 6c and 8c, not further 
discussed) but not for reaction 8b. The frontside pathway of the latter is, as discussed 
above, spontaneously accessed once the pre-barrier towards the labile transition complex 
8bTC(uu) is crossed (see Eq. 4.10 in Paragraph 4.3.4  "Chlorine-Substituent Effects on 
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SN2@P"). In all cases, the intermediates and transition states on the PES are 
(significantly) more stable than the products of the regular backside SN2@P reactions (see 
Table 4.3). 
 
OH– + PR2Y % PRYO
– + RH  :     SN2@P3-f   (4.14) 
 
OH– + POR2Y % PORYO
– + RH  :     SN2@P4-f   (4.15) 
 
 Interestingly, the hydride and fluoride leaving groups in the frontside pathways of 
reactions 3b – 6b are sufficiently strong bases to abstract a proton from an OH group in 
the product molecule anticipated for frontside SN2@P process. These alternative channels 
to reactions 3b – 6b lead to the elimination of molecular hydrogen or hydrogen fluoride 
(see Eqs. 4.14 and 4.15 above) and are overall exothermic by –54 to –82 kcal/mol (see 
Table 4.3). 
 
 
4.4 Conclusions 
 Nucleophilic substitution at the tri- and tetracoordinate phosphorus centers of the 
model reactions X– + PH2Y (SN2@P3) and X
– + POH2Y (SN2@P4) is characterized by 
single-well reaction profiles with a stable, hypervalent transition complex (TC), much 
alike nucleophilic substitution at silicon (SN2@Si). Differences between SN2@P3 and 
SN2@P4 are minor. However, SN2@P4 substitution, unlike SN2@P3, has in common 
with SN2@Si that introducing sufficient steric bulk around the central atom causes the 
appearance of pre- and post-barriers that separate the TC from reactant and product 
complexes. These extra features along the PES appear to be preserved also when the 
reaction becomes significantly exothermic (e.g., –71 kcal/mol for OH– + POCl3). 
 An interesting feature of SN2@P reactions involving an OH
– nucleophile and/or 
leaving group is the existence of reaction channels, occurring in parallel, that differ in the 
conformation of the OH groups. Parallel reaction channels may lead to the same but in 
some cases, also to different products. 
 Finally, backside SN2@P is found to compete with thermodynamically favorable 
frontside pathways (SN2@P-f) in which one of the other substituents at P, instead of the 
anticipated leaving group Y, is expelled. The SN2@P-f pathway may also lead to the 
elimination of H2 or HF if the substituent that is expelled in the substitution step is a 
sufficiently strong base (i.e., H or F) to abstract a proton from an OH group in the initial 
product molecule. 
 
Supporting information Graphical illustration of structure, vibrational analysis and total energy of all 
species occurring in this study are available in Appendix B. 
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Phys. Chem. Chem. Phys. 2008, 10, DOI: 10.1039/b813152j. 
 
 
Abstract 
We have studied the mechanism of SN2@P reactions in the model systems X
– + PMe2Y 
and X– + POR2Y (with R = Me, OH, OMe; and X, Y = Cl, OH, OMe) using density 
functional theory at OLYP/TZ2P. Our main purpose is to analyze the nature of the 
Walden inversion in our model nucleophilic substitution reactions. Walden inversion is 
well-known to proceed, in general, as a concerted umbrella motion of the substituents at 
the central atom. Interestingly, we find here that, in certain model reactions, Walden 
inversion can also proceed in a stepwise fashion in which the individual substituents of 
the umbrella flip, consecutively, from the educt to the product conformation via separate 
barriers on the reaction profile. We also examine how variation in nucleophile and 
leaving group may tune the pentavalent transition structure between labile transition state 
(TS) and stable transition complex (TC). Furthermore, we explore the various competing 
multistep pathways in the symmetric (X = Y) and asymmetric (X $ Y) substitution 
reactions in our model reaction systems. 
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5.1 Introduction 
 The reaction mechanism of nucleophilic substitution1 exists in a number of variants 
that are characterized by the shape of the corresponding reaction profile or potential 
energy surface (PES) (see Chapters 3 and 4). In the generic model reaction system X– + 
AR3Y, the shape of the PES is determined by the central atom A, the substituents R, the 
nucleophile (X) and leaving group (Y), but also by the medium in which the reaction 
takes place (see also Chapter 6).2 For example, the well-known double-well potential of 
gas-phase SN2 reactions at carbon (SN2@C)
3 turns into a single-well PES in the 
corresponding substitution reactions at silicon (SN2@Si)
4 and phosphorus (SN2@P),
2,5-7 
as shown in Figures 5.1A and 5.1B. The stabilization of the pentacoordinate transition 
structure if one goes from a second-period to a third-period central atom is associated 
with the reduced steric congestion and a more favorable nucleophile–substrate interaction 
in the latter.2a,4a-b In line with this, the central pentacoordinate transition structure is 
destabilized and, eventually, becomes again a labile TS if the steric demand of the 
substituents R is increased, e.g., along R = H, Cl, Me and OMe.2a,4b,6 These findings 
highlight the steric nature of the SN2 barrier (see Chapter 3 for further discussion).
2a,4a,b  
 The interest for SN2@P reactions has much to do with their occurrence in various 
organic and biological processes involving pentacoordinate phosphorus species.8 A 
textbook example of such reactions is the SN2@P reaction that creates a new O–P bond 
and thus backbone extension during the complex multistep processes of DNA 
replication.9 Together with the more fundamental insights that can be gained into the 
nature of nucleophilic substitution in general (vide supra), this makes SN2@P reactions a 
fruitful topic of physical-organic and theoretical investigations. 
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Figure 5.1 Types of potential energy surfaces encountered in SN2 reactions 1 – 4. R = reactants, RC = 
reactant complex, TS = transition state, TC = stable transition complex, PC = product complex, P = 
products. 
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 Here, we extend our previous work in two directions. In the first place, we wish to 
obtain a more detailed insight into the process of Walden inversion, in particular, in 
model systems with conformationally richer substituents R (e.g., OH, OMe) at the central 
P atom which potentially lead to a more complex structure on the PES. Secondly, we aim 
at a more complete picture of how electronic effects (i.e., bonding capabilities of 
nucleophile and leaving group) interfere with steric factors in symmetric and asymmetric 
SN2@P reactions. To this end, we have systematically explored the symmetric (most of 
which have previously been seen in Chapter 3) and asymmetric nucleophilic substitution 
reactions at three-coordinate (SN2@P3) and four-coordinate phosphorus (SN2@P4) in the 
model reactions 1 – 4 (Eqs. 5.1 – 5.4) with affixes a, b and c for [X,Y] = [Cl,Cl], 
[OH,OH] and [OH,Cl], respectively, and (only for reactions 3 and 4) with affixes d and e 
for [X,Y] = [OMe,OMe] and [OMe,OH]. 
 
 X– + P(CH3)2Y   &  P(CH3)2X + Y
–      (5.1) 
  
 X– + PO(CH3)2Y   &  PO(CH3)2X + Y
–     (5.2) 
  
 X– + PO(OH)2Y   &  PO(OH)2X + Y
–     (5.3) 
  
 X– + PO(OMe)2Y   &  PO(OMe)2X + Y
–     (5.4) 
 
 Our explorations were carried out using the generalized gradient approximation 
(GGA) of density functional theory (DFT)10 at the OLYP/TZ2P level.11 This level of 
theory was previously shown to agree within a few kcal/mol with highly correlated ab 
initio benchmarks.12  
 Here, we anticipate the observation of an interesting phenomenon in the SN2@P 
reactions of OH– or MeO– with PO(OMe)2-OH or PO(OMe)2-OMe. In these systems, we 
find that Walden inversion can proceed in a stepwise fashion in which the individual 
substituents of the umbrella flip, consecutively, from the educt to the product 
conformation. 
 
 
5.2 Computational Methods 
 All calculations are based on density functional theory (DFT)10 and have been carried 
out with the Amsterdam Density Functional (ADF) program.13 Geometries and relative 
energies of the stationary points along the PESes of our model reactions as well as 
vibrational analyses thereof were computed with the generalized gradient approximation 
(GGA) of DFT using the OLYP functional, which involves the optimized exchange 
(OPTX) functional proposed by Handy and coworkers,11a-b and the Lee-Yang-Parr (LYP) 
correlation functional.11c This functional was shown to lead to major improvements with 
respect to other GGA functionals for describing chemical reactions.14 In particular, the 
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notorious underestimation of activation barriers is dramatically reduced.12b,14a,15 This level 
of theory was previously shown to agree within a few kcal/mol with highly correlated ab 
initio benchmarks.12  
 The OLYP functional was used in our computations in combination with the TZ2P 
basis set, which is a large uncontracted set of Slater-type orbitals (STOs) containing 
diffuse functions, which is of triple-" quality and has been augmented with two sets of 
polarization functions: 2p and 3d on hydrogen and 3d and 4f on carbon, phosphorus, 
oxygen and chlorine.13b,16 Note that no Gaussian basis functions are involved. The core 
shells of carbon (1s), oxygen (1s), phosphorus (1s2s2p) and chlorine (1s2s2p) were 
treated by the frozen-core approximation.13b An auxiliary set of s, p, d, f and g STOs was 
used to fit the molecular density and to represent the Coulomb and exchange potentials 
accurately in each SCF cycle.13b,d All stationary points were confirmed to be equilibrium 
structures (no imaginary frequencies) or a transition state (one imaginary frequency) 
through vibrational analysis.17 
 
 
5.3 Results and Discussion 
 The results of our OLYP/TZ2P computations are collected in Tables 5.1 – 5.4 which 
contain relative energies and key geometry parameters. Illustrations of all stationary 
points are available as Supporting Information (Appendix C). There is a rich variation in 
structures, and Schemes 5.1 and 5.2 serve to summarize the required nomenclature. 
Scheme 5.1 defines the various conformational variants that are possible if the 
nucleophile X– and/or the leaving group Y– are constituted by OH– or MeO–, for which 
various orientations are possible. Scheme 5.2 provides generic types of structures as they 
occur in the backside SN2 pathways of reactions 1 – 4. The various types of potential 
energy surfaces (PES) are schematically depicted in Figure 5.1. 
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Scheme 5.1 Nomenclature for various conformations in SN2@P reactions involving nucleophiles X
– = OR 
and/or leaving groups Y = OR (R = H, Me). If OH– or MeO– abstracts a proton the corresponding "d", "u" 
or "s" is replaced by "w" (water) or "m" (methanol), respectively. 
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5.3.1 Conformational Isomerism 
 We begin with a comparison and evaluation of the various symmetric and asymmetric 
backside SN2@P reactions (see Tables 5.1 – 5.2 and Scheme 5.2). But, before doing so, 
we note that the reactions involving hydroxide and methoxide nucleophiles and/or leaving 
groups may proceed via different, although closely related, alternative pathways. These 
pathways differ through the conformational isomerism, pointed out above and illustrated 
by the Newman projections in Scheme 5.1. This situation closely resembles the one found 
previously in Chapter 4 for the simpler SN2@P model reactions involving mono-atomic 
substituents R = H, F and Cl.2b We find that the most stable conformations in substrates 
and products are consistently those with X, Y = OH or OMe in the "u" orientation which 
is up to a few kcal/mol lower in energy than the corresponding "d" orientation. Likewise, 
the PESes of the combined reaction systems in the u or (where applicable) uu 
conformations are in the same order of magnitude stabilized with respect to the PESes of 
the corresponding reaction systems in the d or (where applicable) ud, du and dd 
alternatives for the main backside SN2@P pathways. 
 We focus here on the nature of and trends in the lowest-energy pathways, i.e., the ones 
with the model systems in u or uu conformation. It is not our objective to discuss in detail 
the alternative higher-energy pathways. However, graphical illustrations and energy data 
of the stationary points along these alternative pathways are provided in Table C2 in the 
Supporting Information (Appendix C). Furthermore, the interested reader is referred back 
to Chapter 4 (or Ref. 2b) for a more detailed discussion on the existence of such reaction 
channels, occurring in parallel, that differ in the conformation of nucleophile and/or 
leaving-group in the simpler SN2@P model reactions involving substituents R = H, F and 
Cl. 
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Scheme 5.2 Generic structures I - III of stationary points along SN2@P pathways. Nucleophile indicated 
with X, leaving group with Y and in parentheses the phosphoryl oxygen (only present in reactions 2 – 4; see 
also Scheme 5.1). For values of geometry parameters see Tables 5.2 and 5.4. 
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Table 5.1 Energies relative to reactants (in kcal/mol) of stationary points along the PES of SN2@P 
pathways of reactions 1 – 4.a 
No. X– Substrate Shape of PES b RC preTS TC/TS postTS PC P 
1a Cl– P(Me)2Cl triple well: C -12.96 -12.72
c -15.58 -12.72 -12.96 0.00 
1b OH– P(Me)2OH triple well: C -28.68(w)d -26.12(w)d -32.70 -26.12(w)d -28.68(w)d 0.00e
 
1c OH– P(Me)2Cl double well: E -45.44(w)d -43.91(w)d – – -67.07 -58.96 
2a Cl– PO(Me)2Cl double well: A -16.18 – -5.66 – -16.18 0.00 
2b OH– PO(Me)2OH triple well: C -34.34(w)d -20.55 -33.86 -20.55 -34.34(w)d 0.00e 
2c OH– PO(Me)2Cl double well: E -47.47(w)d -29.86 – – -78.78 -67.06 
3a Cl– PO(OH)2Cl double well: A -42.50 – -12.11 – -42.50 0.00 
3b OH– PO(OH)2OH triple well: C -82.27(w)d -41.68 -48.54 -41.68 -82.27(w)d 0.00e 
3c OH– PO(OH)2Cl triple well: D -93.08(w)d -59.94 -63.17 -58.89 -106.41 -69.03 
3d OMe– PO(OH)2OMe triple well: C -63.73(m)f -23.01 -27.60 -23.01 -63.73(m)f 0.00e 
3e OMe– PO(OH)2OH triple well: D*
 b -65.41(m)f -25.02 -29.47 -22.69 -63.43(w)d 17.05e 
4a Cl– PO(OMe)2Cl double well: A -14.10 – 2.47 – -14.10 0.00 
4b OH– PO(OMe)2OH triple well: F -26.32 -18.68 -33.44 -18.68 -26.32 0.00 
4c OH– PO(OMe)2Cl double well: E -30.37 -26.64 – – -81.16 -69.54 
4d OMe– PO(OMe)2OMe triple well: F -16.20 -4.55 -11.16 -4.55 -16.20 0.00 
4e OMe– PO(OMe)2OH triple well: F*
 b -16.62 -4.77 -12.00 -0.93 -8.45 17.46 
a) Computed at OLYP/TZ2P; see Scheme 5.2 for schematic structures and Table 5.2 for geometry parameters. b) Shape of PES as 
shown in Figure 5.1. Note that reactions 3e (D*) and 4e (F*) are endothermic (and not exothermic or thermoneutral as shown in 
Figures 5.1D and 5.1F). c) preTS occurs in case of backside approach. However, direct formation of TC occurs in case of frontside 
approach. d) Water–anion complex "w" formed after barrier-free proton transfer from R = Me or R = OH to hydroxide nucleophile 
or leaving group. e) Straight SN2@P products XPOR2 + Y
– and not dissociated water or methanol complex XPOR(R–H)– + HY 
which is, in the indicated cases, energetically more favorable (see Table C1, Appendix C). f) Methanol–anion complex "m" formed 
after barrier-free proton transfer from R = OH to methoxide nucleophile or leaving group. 
 
5.3.2 Chloride Symmetric Substitution 
 The symmetric reactions 1a – 4a in which X– and Y– are both Cl– all proceed via the 
initial formation of a reactant complex (RC) in which the chloride nucleophile binds in an 
!
2 fashion to one hydrogen atom of each of the two substituents R = Me (1a, 2a), OH (3a) 
or OMe (4a) (structure type Ia in Scheme 5.2). The reaction profile of the substitution 
reaction 1a at three-coordinate phosphorus (SN2@P3) has a triple-well potential energy 
surface (PES) in which the central, stable transition complex 1aTC (structure type IIa in 
Scheme 2) is separated from the reactant and product complexes by pre- and post-
transition states 1a-preTS and 1a-postTS (see Figure 5.1C and Table 5.1). Note however 
that these pre- and post-transition states are not associated with the substitution process 
but, instead, with breaking the favorable Cl–•••H–C hydrogen-bonds in going from the 
RC (or PC) to the TC. Note also that the associated barriers from RC or PC towards TC 
are very small, only 0.2 kcal/mol. Thus, spontaneous, barrierless formation of 1aTC and 
thus a single-well PES (see Figure 5.1B) occur if the approach of the chloride nucleophile 
does not start exactly from the "backside", i.e., collinear with the P–Cl (leaving group) 
bond of the PMe2Cl substrate but, instead, somewhat more from the frontside (e.g., Cl–P–
Cl ~ 90°). On the other hand, the symmetric substitution reactions 2a, 3a and 4a at four-
coordinate phosphorus (SN2@P4) all proceed via the well-known double-well PES (see 
Figure 5.1A) where RC and PC are separated by a central barrier (with the TS on top).  
 The overall barrier, i.e., the energy of the TC (1a) or TS (2a, 3a, 4a) relative to 
reactants, goes from –16 to –6 to –12 to 2 kcal/mol for reactions 1a, 2a, 3a and 4a, 
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respectively (see Tables 5.1 and 5.2). The destabilization of the transition species from 
reaction 1a to 2a and the associated transition from a single-well PES without central 
barrier to a double-well PES with central barrier, originates from the increased steric 
congestion and repulsion as the coordination number of the central phosphorus atom in 
the substrate increases from three in PMe2Cl (SN2@P3) to four in POMe2Cl (SN2@P4) 
(see Chapter 3)2a (see also Refs. 4a,b). The replacement of substituents R = Me by the 
more electronegative R = OH, from SN2@P4 reaction 2a to 3a, causes an increased 
positive charge on phosphorus and thus stabilizes the nucleophile–substrate interaction 
(see also Refs. 2a, 4b). As a result, the TS and overall barrier are reduced from –6 to –12 
kcal/mol (see Table 5.1). Replacing substituents R = Me, on the other hand, by the 
sterically more demanding R = OMe, from SN2@P4 reaction 2a to 4a, causes a 
destabilization of the five-coordinate TS from –6 to 2 kcal/mol due to increased steric 
congestion and repulsion.  
 
5.3.3 Hydroxide Symmetric Substitution 
 Next, if we go to the symmetric SN2@P reactions 1b – 4b, with X
– = Y– = OH–, the TC 
(1b) or TS (2b, 3b, 4b) are all substantially stabilized, i.e., by 17 to 36 kcal/mol with 
respect to reactions 1a – 4a with X– = Y– = Cl– (see Tables 5.1 – 5.2). Importantly, the 
change from the chloride to the hydroxide nucleophile and leaving group causes the 
transition species that were labile transition states (TS) in reactions 2a – 4a to turn into 
stable pentavalent transition complexes (TC) in reactions 2b – 4b (see Table 5.1). One 
reason for the substantial stabilization is the more stabilizing nucleophile–substrate 
interaction in the case with hydroxide which is a stronger base than chloride.18 Thus, if 
we go from 1aTC (–16 kcal/mol) to 1bTC (–33 kcal/mol), the energy relative to reactants 
is stabilized by 17 kcal/mol. The corresponding stabilization of transition states in 
reactions 2, 3 and 4 is substantially larger, namely, 28 – 36 kcal/mol, because of the 
additional favorable interactions that is gained through internal O–H•••O=P hydrogen 
bonding. 
 Interestingly, while the transition species of the symmetric hydroxide-induced SN2@P 
reactions are hypervalent equilibrium structures (TC), they have all triple-well PESes of 
the type in Figure 5.1C with in some cases substantial (up to 41 kcal/mol) pre- and post-
barriers separating the TC from the RC and PC, respectively (see Table 5.1). In fact, 
reaction 4b has additional structure in the central well making its PES even more 
complex. This issue is discussed in Paragraph 5.3.6. The reason for the conservation of 
such pronounced RC and PC wells is that the hydroxide nucleophile and leaving group 
are much stronger bases than chloride18 and form strongly hydrogen-bonded complexes 
with a proton of one of the substituents R = Me (1b, 2b), OH (3b) and OMe (4b).  
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Table 5.2 Geometry parameters (in Å, deg.) of stationary points along the main 
pathways of SN2@P reactions 1 – 4.a 
Species Typeb R Conformationc X–P P–Y P–R1d X–P–Y 
1aRC Ia Me – 4.20 2.15 1.84 155 
1a-preTS Ia Me – 3.46 2.19 1.85 175 
1aTC IIa Me – 2.48 2.48 1.87 177 
1bRC(wu) Ib Me wu 3.98 1.80 1.73 (1.87)e 157 
1b-preTS(ws) Ic Me ws 3.54 1.80 1.72 (1.87)e 204 
1bTC(uu) IIa Me uu 1.93 1.93 1.87 177 
1cRC(w) Ib Me w 4.00 2.51 1.70 (1.87)e 163 
1c-preTS(w) Ic Me w 3.66 2.59 1.69 (1.87)e 148 
1cPC(u) IIIa Me u 1.71 4.53 1.84 146 
2aRC Ia Me – 4.25 2.13 1.81 142 
2aTS IIa Me – 2.50 2.50 1.84 163 
2bRC(wu) Ib Me wu 4.10 1.71 1.72 (1.85)e  147 
2b-preTS(uu) Ia Me uu 2.72 1.71 1.83 165 
2bTC(uu) IIa Me uu 1.82 1.82 1.86 175 
2cRC(w) Ib Me w 4.02 2.29 1.70 (1.84)e 154 
2c-preTS(u) Ia Me u 2.90 2.21 1.81 159 
2cPC(u) IIIa Me u 1.66 4.53 1.81 133 
3aRC Ia OH – 3.60 2.10 1.58 101 
3aTS IIa OH – 2.42 2.42 1.62 165 
3bRC(wu) Ib OH wu 3.76 1.67 1.51 (1.66)f 99 
3b-preTS(uu) Ia OH uu 2.21 1.72 1.60 166 
3bTC(uu) IIa OH uu 1.79 1.79 1.66 169 
3cRC(w) Ib OH w 4.16 2.17 1.50 (1.65)f 81 
3c-preTS(u) Ia OH u 2.21 2.18 1.62 162 
3cTC(u) IIa OH u 1.84 2.31 1.65 168 
3c-postTS(u) IIIa OH u 1.70 3.09 1.61 166 
3cPC(u) IIIa OH u 1.64 3.67 1.59 102 
3dRC(m) Ib OH m 4.08 1.66 1.51 (1.67)f 95 
3d-preTS(uu) Ia OH uu 2.22 1.72 1.61 160 
3dTC(uu) IIa OH uu 1.81 1.81 1.66 162 
3eRC(mu) Ib OH mu 4.02 1.67 1.51 (1.66)f 92 
3e-preTS(uu) Ia OH uu 2.22 1.72 1.60 163 
3eTC(uu) IIa OH uu 1.81 1.79 1.67 166 
3e-postTS(uu) IIIa OH uu 1.73 2.20 1.60 163 
3ePC(uw) Ib OH uw 1.67 3.91 1.50 (1.65)f 115 
4aRC Ia OMe – 4.90 2.05 1.59 142 
4aTS IIa OMe – 2.47 2.47 1.60 174 
4bRC(uu) Ia OMe uu 4.45 1.62 1.59 134 
4b-preTS(uu) Ia OMe uu 2.61 1.68 1.61 169 
4bTC1(uu) IIa OMe uu 1.78 1.73 1.68 172 
4cRC(u) Ia OMe u 4.20 2.07 1.58 145 
4c-preTS(u) Ia OMe u 2.83 2.16 1.60 171 
4cPC(u) IIIa OMe u 1.62 5.19 1.59 135 
4dRC(uu) Ia OMe uu 4.41 1.62 1.59 140 
4d-preTS(uu) Ia OMe uu 2.50 1.68 1.61 164 
4dTC1(uu) IIa OMe uu 1.83 1.75 1.67 164 
4eRC(uu) Ia OMe uu 4.47 1.62 1.59 131 
4e-preTS(uu) Ia OMe uu 2.51 1.68 1.61 162 
4eTC1(uu) IIa OMe uu 1.82 1.74 1.68 167 
4e-postTS(uu) IIIa OMe uu 1.68 2.59 1.62 169 
4ePC(uu) IIIa OMe uu 1.62 4.35 1.60 142 
a) Computed at OLYP/TZ2P. See Table 5.1 for relative energies. b) Generic types of stationary points (see Scheme 
5.2). c) Orientation of X, Y = OH, OMe: u = up, d = down, s = sideways (see Scheme 5.1). d P–R1 distance (in 
parentheses: P–R2 distances, if longer than the former by more than 0.03 Å, see also Scheme 5.1). e) P–R1 distance, 
i.e., P–CH2– (in parentheses: P–R2 distance, i.e., P–CH3). f) P–R1 distance, i.e., P–O
– (in parentheses: P–R2 distance, 
i.e., P–OH). 
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In the case of reactions 1b, 2b and 3b, this leads to barrierless proton abstraction 
from the substituent R = Me (1b, 2b) and OH (3b) and the very exothermic formation of a 
tightly hydrogen-bonded water complex 1bRC(wu), 2bRC(wu) and 3bRC(wu) at –29,  
–34 and –82 kcal/mol, respectively, relative to reactants. The structure of the water 
complexes is of type Ib in Scheme 5.2. Note that no proton abstraction occurs from R = 
OMe. Consequently, the structure of reactant complex 4bRC(uu) is of type Ia in Scheme 
5.2, similar to that of the reactant complexes in reactions 1a – 4a that involve a chloride 
nucleophile and leaving group. 
 The relative ease with which a proton is abstracted from R = Me or OH in the 
substrates can be understood in terms of the *-stabilization of the resulting carbanion or 
oxide center by the [PR(OH)] (1b) or [POR(OH)] (2b, 3b) groups in the corresponding 
conjugate base.19  
 The smallest pre-barrier, 3 kcal/mol, is again found for the SN2@P3 substitution, 
reaction 1b. The corresponding transition state 1b-preTS(ws) is of structural type Ic (see 
Scheme 5.2), i.e., the hydroxide nucleophile has not yet returned the proton that was 
abstracted from R = Me. The proton is returned after crossing this barrier, as the stable 
intermediate 1bTC(uu) is formed. On the other hand, the SN2@P4 substitution of reaction 
3b has the highest pre-barrier, 41 kcal/mol, because of the formation of the very stable 
water complex 3bRC(wu). Here, the hydroxide nucleophile returns the proton abstracted 
from R = OH already before arriving at the pre-transition state 3b-preTS(uu) which is of 
structural type Ia. Furthermore, the water complexes can automerize to equivalent 
complexes, involving the other substituent R, via a structure Ia-like TS. In the case of 
reactions 1b and 2b, for example, this is associated with a barrier of some 8 kcal/mol (see 
Table C1 in the Supporting Information, Appendix C). 
 
5.3.4 Hydroxide / Chloride Asymmetric Substitution 
 Not unexpectedly, the asymmetric SN2@P reactions 1c – 4c, in which we keep X
– = 
OH– but replace Y– = OH– by the much better leaving group Cl–, are very exothermic, 
with reaction energies of roughly –60 to –70 kcal/mol (see Table 5.1). The enormous 
stabilization of the products and, also, the product complexes causes the post-barrier that 
separates the TC in the thermoneutral reactions 1b, 2b and 4b from the PC to disappear (it 
becomes a shoulder, without a saddle point, on the PES). In other words, also the TC 
disappears and reactions 1c, 2c and 4c proceed spontaneously to the PC, once the pre-
barrier has been surmounted. The latter, in turn is also stabilized, as are the reactant 
complexes, because the substrates with Y = Cl are better electron acceptors and enter into 
a more stabilizing interaction with the substrate. Thus, we go from the triple-well PES of 
the thermoneutral reactions 1b, 2b and 4b to a double-well PES of the type shown in 
Figure 5.1E (not that of Figure 5.1A) for the exothermic reactions 1c, 2c and 4c. 
 In the case of reaction 3c, the barrier from the TC to the post-TS is also somewhat 
reduced as compared to the situation for reaction 3b but, eventually the post-barrier 
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remains and we arrive at an asymmetric triple-well PES as shown schematically in Figure 
5.1D. 
 
5.3.5 Substitution involving Methoxide 
 The above model systems provide a representative picture of the behavior of 
symmetric and asymmetric SN2@P reactions involving more weakly (X
–, Y– = Cl–) and 
more strongly (X–, Y– = OH–) basic nucleophiles and leaving groups. As an illustration, 
reactions involving a methoxide nucleophile and/or leaving group present intermediate 
energetics, that is, in between those of the corresponding reactions with chloride and 
hydroxide (see Table 5.1). This is what one would expect on the basis of the increasing 
gas-phase basicity along Cl–, MeO– and OH– as measured by their proton affinities (335, 
377 and 395 kcal/mol, computed at BP86/TZ2P in Ref. 18a). For example, the symmetric 
Cl–-, MeO–- and OH–-induced SN2@P4 reactions 3a, 3d and 3b (with R = OH) are 
associated with increasingly stable central transition species 3aTS, 3dTC(uu) and 
3bTC(uu) which are at –12, –28 and –49 kcal/mol (see Table 5.1). And, likewise, the 
corresponding SN2@P4 reactions 4a, 4d and 4b (with R = OMe) show increasingly stable 
central transition species 4aTS, 4dTC1(uu) and 4bTC1(uu) which are at +2, –11 and –33 
kcal/mol. Note that the stabilization of the TC from reaction 3d to 3b and from 4d to 4b 
also receives a contribution from the absence in methoxide- and presence in the 
hydroxide-induced reactions of an intramolecular O–H•••O=P hydrogen bond of the 
nucleophile and leaving group with the phosphorylic oxygen. 
 The reactions involving methoxide (i.e., 3d, 3e, 4d, 4e) all proceed along triple-well 
PESes, just as the corresponding symmetric hydroxide-induced SN2@P4 reactions 3b and 
4b. We recall again the additional structure in the central well of reaction 4b, which is 
also found here, for reactions 4d and 4e. As pointed out above, this issue will be 
discussed hereafter, in Paragraph 5.3.6. Furthermore, we note that the MeO– nucleophile 
and/or leaving group in reactant or product complexes of reactions 3d and 3e does again 
abstract a proton from R = OH leading to stable methanol complexes, much alike the 
corresponding water complexes in the case of the OH– nucleophile and/or leaving group 
in reactions 3b and 3c (vide supra).  
  
 Figure 5.2 is a compilation of our data from this and previous work (Chapters 3 and 4). 
Figure 5.2a shows how increasing the steric bulk of substituents R = H, Cl, OMe causes 
the single-well PES of the backside SN2@P4 reactions of Cl
– + POR2Cl to transform into 
a triple-well and, eventually a double-well PES with a central TS (see Introduction, 
Chapters 3 and 4 and Refs. 2a,b). Proceeding from the latter reaction, Figure 5.2b then 
shows how the central transition species can again be stabilized and turned back into a 
stable pentavalent TC by increasing the nucleophile–substrate interaction along X– = Cl–, 
MeO– and OH– in the SN2@P4 reactions of X
– + PO(OMe)2X. Note that the double-well 
potential curves in Figures 5.2a and 5.2b are identical and both refer to reaction 4a. 
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Figure 5.2 Potential energy surfaces E (in kcal/mol) along the reaction coordinate " of SN2@P reactions, 
computed at OLYP/TZ2P: (a) Cl– + POR2Cl for R = H, Cl and OMe; (b) X
– + PO(OMe)2X for X
– = Cl–, 
MeO– and OH–. For clarity, the stepwise Walden-inversion features in the PESes of diagram b, for X– = 
MeO– and OH–, are not shown (see, e.g., Figure 5.1F). 
 
 
 When in reactions 4b and 4e the substrate PO(OMe)OH in the u conformation [i.e., 
4bR(u) = 4eR(u)] is nucleophilically attacked by the OH– and MeO– nucleophile, 
respectively, in down (d) instead of up (u) orientation (see Scheme 5.1), the nucleophile 
X and leaving group Y adopt spontaneously equatorial instead of axial positions in the 
pentavalent transition complexes 4bTC1(alt) and 4eTC1(alt), as illustrated by structure 
IIb in Scheme 5.2 (see also structures in Table C1 of the Supporting Information, 
Appendix C). This interchange of axial and equatorial positions in the du conformation 
happens after the pre-TS has been passed. Intermediate 4bTC1(alt) is 11.4 kcal/mol more 
stable than 4bTC1(uu), however, the pre-barrier to get to the alternative TC is some 2.5 
kcal/mol higher (see Table C1). Similarly, intermediate 4eTC1(alt) is 7.9 kcal/mol more 
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stable than 4eTC1(uu) but the barrier to get to the alternative TC is 1.4 kcal/mol higher. 
Completion of these alternative substitution pathways is accompanied by relatively high 
barriers of 20 – 30 kcal/mol via 4b-postTS(sd) and 4e-postTS(alt) or 4e-postTS(du) (see 
Table C1). 
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Scheme 5.3 Stepwise Walden-inversion in SN2@P substitution via clockwise ("clock") and counter 
clockwise ("count") rotation of MeO substituents at P as defined here. 
 
 
5.3.6 Stepwise Walden Inversion 
 An interesting phenomenon, anticipated already above, takes place in the central well 
of reactions 4b, 4d and 4e: the process of Walden inversion20 has not yet come to 
completion after the pre-barriers have been passed. In all three reactions, we arrive at first 
at a pentavalent transition complex in which the umbrella of equatorial substituents at 
phosphorus, i.e., [PO(OMe)2], has achieved its central point, adopting a more or less 
planar, trigonal geometry. However, the transition complexes in question, 4bTC1(uu), 
4dTC1(uu) and 4eTC1(uu), still strongly resembles the reactant complex in that the 
methyl groups of the substituents R = OMe are pointing towards the incoming 
nucleophile (see TC1 in Scheme 5.3). This situation differs from that in the central 
transition state 4aTS of reaction 4a in which the substituents R = OMe have performed a 
partial rotation around their P–O bonds and are pointing up, oriented symmetrically 
between nucleophile and leaving group (see Table C1). It also differs from the central 
transition states 3bTC(uu) and 3dTC(uu) of reactions 3b and 3d in which the two 
substituents R = OH adopt a symmetric arrangement, one OH pointing toward the 
nucleophile and the other one toward the leaving group. 
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Table 5.3 Energies relative to reactants (in kcal/mol) of stationary points along the lowest-energy 
stepwise Walden-inversion trajectories (starting from transition complex TC1) of SN2@P reactions 4b, 
4d and 4e (R = OMe) in uu conformation.a 
No. Reaction . Intermediate .     .          TS          . .    Intermediate    . .          TS          . .  Intermediate .       
  'E name 'E name 'E name 'E name 'E Name 
4b OH– + 4bR(u) -33.44 4bTC1 -31.92 4bTS12clock -34.33 4bTC2 -31.92 4bTS23clock -33.44 4bTC3b 
4d MeO– + 4dR(u) -11.16 4dTC1 -10.75 4dTS12count,1 -11.58 4dTC12count -11.26 4dTS12count,2 -14.43 4dTC2b 
4e MeO– + 4eR(u) -12.00 4eTC1 -11.62 4eTS12count -15.10 4eTC2 -12.96 4eTS23clock -14.52 4eTC3 
a) Affix "(uu)" omitted, for clarity, in all species names. Computed at OLYP/TZ2P. See Scheme 5.3 and Scheme 5.4. b) Reactions 4b 
and 4d are symmetric around TC2. Trajectory from 4dTC2 to 4dTC3 not shown. 
 
 The educt-like transition complex TC1 appears to transform stepwise, via a symmetric 
central TC2, into the product-like TC3. The latter strongly resembles the product complex 
and has the substituents R = OMe pointing toward the leaving group. These steps that are 
associated with the flipping of the substituents R = OMe, may proceed via clockwise or 
counterclockwise internal rotation of the R = OMe around their P–O bonds, as defined in 
Scheme 5.3. These additional "Walden-flipping" steps are associated with barriers of a 
few tenths up to 5 kcal/mol (see Scheme 5.4) and the corresponding transition states are 
characterized by exactly one imaginary frequency of i60 to i80 cm–1. Examination of the 
associated transition vector confirms the character of an internal rotation of R = OMe 
around the P–O bond (see Scheme 5.3). Walden flipping is associated with a rather floppy 
motion and zero-point vibrational energy (ZPE) corrections for the associated energy 
barriers are consequently small, typically –0.2 kcal/mol (not shown in Scheme 5.4).  
 The Walden-flipping barriers are substantially lower than those associated with 
leaving the central well via the pre- or post-TS which are in a range between some 7 and 
15 kcal/mol (see Scheme 5.4). Stepwise Walden flipping is therefore a feasible process 
and conceivably occurs repeatedly, forwards and backwards, before crossing the post-
barrier towards completion of the SN2 pathway. In the case of reaction 4d, the 
counterclockwise Walden flipping of each of the two substituents R = OMe encounters 
even one additional intermediate equilibrium structure 4dTC12count, at halfway the 
rotation of that substituent from the educt to the product side (see Scheme 5.3, middle 
pathway). The various pathways occurring in the central well of reactions 4b, 4d and 4e 
are summarized in Scheme 5.4. Relative energies and structural information of the 
lowest-energy pathways for each reaction are collected in Tables 5.3 and 5.4, 
respectively. 
 The Walden-flipping steps thus lead to the additional structure in the central well, 
associated with the pentavalent transition complex. Thus, strictly speaking, we have no 
longer a real triple-well PES as in Figure 5.1C but a multiple-well PES, e.g., as shown in 
5.1F. The present results extend and consolidate earlier findings of multistep processes in 
reactions involving attack at phosphorus.6a-e,s  
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5.4 Conclusions 
 The Walden inversion that accompanies nucleophilic substitution reactions proceeds, 
in general, as a concerted umbrella motion of the substituents at the central atom, either 
via a labile TS (e.g., for Cl– + CH3Cl) or a stable transition complex (e.g., for Cl
– + 
SiH3Cl). Here, we have computationally found that Walden inversion can also proceed in 
a stepwise fashion in which the individual substituents of the umbrella flip, consecutively, 
from the educt to the product conformation via separate barriers on the reaction profile. 
The individual "Walden flipping" events occur through clockwise or counterclockwise 
rotation of the MeO substituents at the central phosphorus atom around their O–P bond. 
 The stepwise Walden inversions have been monitored in the SN2@P reactions of OH
– 
or MeO– with PO(OMe)2-OH or PO(OMe)2-OMe. Our study raises the question if such 
variants of the Walden-inversion mechanism may occur more generally, for example, in 
SN2@Si or SN2@C substitution reactions. 
 Finally, we have corroborated that raising the steric bulk around the central P in 
SN2@P reactions promotes the occurrence of steric pre- and post-barriers that eventually 
merge into one central barrier. Our analyses also show that increasing the donor–acceptor 
bonding capabilities of nucleophile and leaving group may stabilize the sterically 
crowded pentavalent transition structure and turn it back from a labile transition state 
(TS) into a stable transition complex (TC). 
 
Supporting information Graphical illustration of structure, vibrational analysis and total energy of all 
species occurring in this study are available in Appendix C. 
 
 
Table 5.4 Geometry parameters (in Å, deg.) of stationary points 
along the lowest-energy stepwise Walden-inversion trajectories 
(starting from transition complex TC1) of SN2@P reactions 4b, 4d 
and 4e (R = OMe) in uu conformation.a 
Name X Y X–P P–Y P–Rb (1c (2d 
4bTC1 OH OH 1.78 1.73 1.68 87 -85 
4bTS12clock OH OH 1.78 1.75 1.69 -9 -91 
4bTC2e OH OH 1.75 1.75 1.68 -90 -89 
4dTC1 MeO OMe 1.83 1.75 1.67 65 -64 
4dTS12count,1 MeO OMe 1.82 1.75 1.67 94 -62 
4dTC12count MeO OMe 1.80 1.77 1.68 167 -65 
4dTS12count,2 MeO OMe 1.79 1.77 1.68 -155 -67 
4dTC2e MeO OMe 1.77 1.77 1.68 -64 -64 
4eTC1 MeO OH 1.82 1.74 1.68 78 -74 
4eTS12count MeO OH 1.80 1.75 1.69 160 -74 
4eTC2 MeO OH 1.77 1.76 1.69 -73 -84 
4eTS23clock MeO OH 1.78 1.78 1.68 72 9 
4eTC3 MeO OH 1.75 1.78 1.68 -65 65 
a) Affix "(uu)" omitted, for clarity, in all species names. Computed at OLYP/TZ2P. See 
Tables 5.1 and 5.3 for relative energies. See also Schemes 5.1, 5.3 and 5.4. b) P–O distance 
to substituent involved in Walden flipping. c) Dihedral angle O=P–O–C[R1]. d) Dihedral 
angle O=P–O–C[R2]. e) Reactions 4b and 4d are symmetric around TC2. Trajectories from 
4bTC2 to 4bTC3 and from 4dTC2 to 4dTC3 not shown. 
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Scheme 5.4 Mechanisms of SN2@P4 reactions 4b, 4d and 4e with energy changes (in kcal/mol) between 
stationary points, computed at OLYP/TZ2P. Reactions 4b and 4d are symmetric around TC2. Clock = 
clockwise, count = counterclockwise in perspective of Scheme 5.3. 
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Abstract 
We have studied how solvation affects the shape of potential energy surfaces (PES) of 
archetypal nucleophilic substitution reactions at carbon (SN2@C), silicon (SN2@Si) and 
phosphorus (SN2@P), using the generalized gradient approximation (GGA) of density 
functional theory (DFT) at OLYP/TZ2P. Our model systems cover nucleophilic 
substitution, in water and in the gas phase, at carbon in X– + CH3Y (SN2@C), at silicon in 
X– + SiH3Y (SN2@Si), at tricoordinate phosphorus in X
– + PR2Y (SN2@P3), and at 
tetracoordinate phosphorus in X– + POR2Y (SN2@P4) with substituents R = H, F, Cl, 
CH3, OCH3. In the gas phase, particular types of SN2 reactions are characterized by 
different shapes of reaction profiles, such as single-, double- and triple-well PESes. The 
main effect of solvation is to turn the PESes of the SN2@C but also of SN2@Si and 
SN2@P into unimodal reaction profiles which lead from the reactants via one single 
barrier to the products. The results are discussed in terms of differential solvation of 
reactants and transition states. We also address the question how the relative heights of 
reaction barriers are affected by solvation. 
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6.1 Introduction 
 Bimolecular nucleophilic substitution1 at carbon (SN2@C: see Scheme 6.1, A = C) has 
been studied extensively, both in the gas phase and in solution.2,3 Most of chemistry 
occurs in solution. However, by revealing the intrinsic reactivity of model reactions, it is 
the gas-phase studies that have contributed much to our understanding of how solvation 
exactly affects the progress of reactions.  
 
 
A Y
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Scheme 6.1 Model SN2 Reactions at A = C, Si, P. 
 
 In the absence of solvent, the reaction profile of a typical SN2@C model reaction (e.g., 
Cl– + CH3Cl) is a double-well potential energy surface (PES), involving a reactant 
complex (RC) and a product complex (PC) separated by a central transition state (TS, see 
Figure 6.1a).2 Solvation causes this double-well PES to turn into a unimodal PES, with no 
(or only weakly pronounced) reactant and product complexes (see Figure 6.1d).2,3 The 
mechanism behind this solvent effect on the reaction profile is differential solvation of 
reactants and transition state: as the charge in the reactants is more localized, they are 
more strongly stabilized than the TS.2a  
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Figure 6.1 Types of reaction profiles, i.e., energy E versus reaction coordinate #: (a) double-well, (b) 
single-well, (c) triple-well, (d) unimodal. R = reactants, RC = reactant complex, TS = transition state, TC = 
stable transition complex, PC = product complex, P = products. 
 
 Much less studies have been devoted to understanding nucleophilic substitution at 
silicon  (SN2@Si)
4 and phosphorus (SN2@P)
5 and how they are altered by solvation (see 
Scheme 6.1, A = Si and P, respectively). In Chapters 3 and 4 we have discussed how the 
reaction profile of small (e.g., R = H), archetypal SN2@Si and SN2@P reactions in the gas 
phase is characterized by a single-well with a stable, hypervalent transition complex (TC, 
see Figure 6.1b)4,5 instead of a labile TS which features in the corresponding SN2@C 
reactions. Interestingly, the introduction of sterically more demanding substituents (e.g., 
R = Cl) was shown to cause the appearance of pre- and post-transition states, separating 
6.2 Computational Methods 
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the stable, hypervalent TC from reactant and product complexes (Chapter 3 and 4).4a, 5a–5b 
This constitutes a triple-well PES (Figure 6.1c). Eventually, if the steric congestion 
becomes sufficiently large, pre- and post-barriers can merge into one central barrier 
which causes the pentavalent transition structure to turn from a stable TC into a labile TS 
(e.g., R = OCH3, Chapter 3 and 5). Thus, sterically crowded SN2@Si and SN2@P 
reactions begin to show SN2@C-like behavior with double-well reaction profile (Figure 
6.1a).4a,5a  
 In this chapter, we address the question how solvation affects the reaction profiles of 
SN2@Si and SN2@P substitution. Is the effect of differential solvation similar to the 
situation known for SN2@C? Is it able to smooth out all characteristic features (single-, 
double- and triple-well shape) of the SN2@Si and SN2@P gas-phase potential energy 
surfaces and to enforce one common, unimodal appearance of reaction profiles for 
nucleophilic substitution at each of the three investigates central atoms? And how are 
trends in relative reactivity of SN2@C, SN2@Si and SN2@P substitution influenced by the 
solvent? To tackle these questions, we have computationally explored 11 model reactions 
in water that we previously explored (Chapter 3) in the gas phase (see reactions 1 - 11 in 
Table 6.1). The model reactions cover nucleophilic substitution at carbon (SN2@C), 
silicon (SN2@Si), tricoordinate phosphorus (SN2@P3) and tetracoordinate phosphorus 
(SN2@P4). Our computations are based on the generalized gradient approximation 
(GGA) of density functional theory (DFT)6 at OLYP/TZ2P.7 This level of theory was 
previously shown to agree within a few kcal/mol with highly correlated ab initio 
benchmarks.8 Solvation effects were treated using the conductor-like screening model 
(COSMO).9  
 Our investigations reveal a pronounced differential solvation effect in which reactants 
are more strongly solvated than transition states, also for SN2@Si and SN2@P reactions. 
Interestingly, the solvation energies of reactants are relatively constant whereas solvation 
energies in transition states show more pronounced variations. Thus, in all cases where 
solvation changes trends in relative reactivity, this counteracting solvent effect originates 
from the transition states. 
 
 
6.2 Computational Methods 
 All calculations are based on density functional theory (DFT)6 and have been carried 
out with the Amsterdam Density Functional (ADF) program.10 Geometries and relative 
energies of the stationary points along the PESes of our model reactions as well as 
vibrational analyses thereof, to confirm equilibrium structures (no imaginary frequencies) 
or transition states (one imaginary frequency), were computed with the generalized 
gradient approximation (GGA) of DFT using the OLYP functional which involves the 
optimized exchange (OPTX) functional proposed by Handy and co-workers,7a–7b and the 
Lee-Yang-Parr (LYP) correlation functional.7c OLYP was recently shown to agree within 
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a few kcal/mol with highly correlated ab initio benchmarks.8 The molecular orbitals 
(MOs) were expanded in a large uncontracted set of Slater-type orbitals (STOs) 
containing diffuse functions, TZ2P. The TZ2P basis set is of triple-# quality and has been 
augmented with two sets of polarization functions: 2p and 3d on hydrogen, 3d and 4f on 
carbon, oxygen, fluorine, silicon, phosphorus and chlorine. The core shells of carbon, 
oxygen, fluorine (1s), silicon, phosphorus and chlorine (1s2s2p) were treated by the 
frozen-core approximation, that is, they are excluded from the variational optimization.10b 
An auxiliary set of s, p, d, f and g STOs was used to fit the molecular density and to 
represent the Coulomb and exchange potentials accurately in each SCF cycle.10b,10d 
 Solvent effects were taken into account in all condensed-phase calculations using the 
COSMO model,9 used explicitly in the solving of the SCF equations, the optimization of 
the geometry and the vibrational analysis. The solvent radius (Rs) for water was taken 
from experimental data for the macroscopic density (!) and molecular mass (Mm) with the 
formula11a Rs
3=2.6752·Mm/!, leading to a Rs value of 1.9 Å for water; a value of 78.4 was 
used for the dielectric constant of water. Atomic radii values were taken from the MM3 
van der Waals radii,11b which are available for almost the whole periodic system, and 
scaled by 0.8333 (the MM3 radii are 20% larger than the normal van der Waals radii due 
to the specific form for the van der Waals energy within the MM3 force field). The 
surface charges at the GEPOL93 solvent-excluding surface12 were corrected for outlying 
charges. This setup provides a "non-empirical" approach to including solvent effects with 
a dielectric continuum, and works well for solvation processes.13 The file needed for 
including this setup in a COSMO computation with the ADF program (including all 
values of the above-mentioned atomic radii) is provided in Scheme D1 of Appendix D. 
 
 
6.3 Results and Discussion 
 The results of our aqueous solution-phase OLYP/TZ2P computations are collected, 
together with the corresponding gas-phase data from Chapter 3, in Tables 6.1 and 6.2 
(energies and analyses) and Figure 6.2 (structures).  
 Our results for the SN2@C reaction of Cl
– + CH3Cl nicely confirm the well-known
2,3 
switch from a double-well potential in the gas phase to a unimodal reaction profile in 
solution: the overall barrier increases from –0.1 kcal/mol in the gas phase to 19.9 
kcal/mol in water (see reaction 1 in Table 6.1). Importantly, solvation also turns the 
single-well potential energy surfaces of the corresponding SN2@Si reaction of Cl
– + 
SiH3Cl and that of the SN2@P3 reaction of Cl
– + PH2Cl in the gas phase to unimodal ones 
in water (see reactions 2 and 3 in Table 6.1). Note however that the solution-phase 
reaction profiles of reactions 2 and 3 are extremely shallow. In the case of reaction 2, the 
D3h symmetric transition state 4 is only 3 kcal/mol above the reactants Cl
– + SiH3Cl. In 
this particular case, but in none of the other solution-phase transition states, this leads to a 
numerical artifact, namely, a shift of the small imaginary frequency associated with 
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Table 6.1 Energies (in kcal/mol) relative to reactants of stationary points along the PES of 
various symmetric SN2 reactions in the gas phase and in solution.a 
    Gas Phase c  Solution d 
No. Reaction Species b  Shape of PES RC preTS TS / TC  TS 
1 Cl– + CH3Cl 1, 2  double well -9.0 – -0.1  19.9 
2 Cl– + SiH3Cl 3, 4  single well – – -24.4  3.0
 
3 Cl– + PH2Cl 5, 6  single well – – -26.2  0.2 
4 Cl– + POH2Cl 7, 8  single well – – -22.3  8.2 
5 Cl– + PF2Cl 9, 10  single well – – -24.7  5.5 
6 Cl– + POF2Cl 11, 12  single well – – -13.6  20.2 
7 Cl– + PCl2Cl 13, 14  single well – – -23.3  6.8 
8 Cl– + POCl2Cl 15, 16  triple well -17.5 -2.0 -8.4  23.8 
9 Cl– + P(CH3)2Cl 17, 18  triple well -13.0 -12.7 -15.6  8.6 
10 Cl– + PO(CH3)2Cl 19, 20  double well -16.2 – -5.7  20.7 
11 Cl– + PO(OCH3)2Cl 21, 22  double well -14.1 – 2.5  23.7 
a) Computed at OLYP/TZ2P; see Figure 6.2 for structures. b) See Figure 6.2. c) Data from Chapter 3 (see also Ref. 5a). d) 
Water modeled with COSMO.9 All solution-phase PESes are unimodal.  
 
 
the transition vector of 4 to a slightly positive value (38 cm–1). In the case of reaction 3, 
the C2v symmetric transition state 6 is only 0.2 kcal/mol above the reactants Cl
– + PH2Cl. 
Thus, in aqueous solution, SN2@Si and SN2@P substitution adopt, just as SN2@C, 
unimodal reaction profiles, be it with far less pronounced maxima than the latter. Still this 
implies a significant differential solvation in which the stabilization of the SN2@Si and 
SN2@P reactants is roughly 27 kcal/mol greater than that of the TS. 
 It was shown previously that the hypervalent transition structure of SN2@Si or SN2@P 
reactions is destabilized if the steric congestion around the central Si or P atom increases 
(see also Chapter 3).4a,5a This trend is in many but not all cases preserved. For example, 
along the series of SN2@P3 reactions of Cl
– + PH2Cl, PCl2Cl and P(CH3)2Cl the energy 
of the transition species relative to reactants increases, both in the gas phase (from –26.2 
to –23.3 to –15.6 kcal/mol) and in aqueous solution from 0.2 to 6.8 to 8.6 kcal/mol; see 
reactions 3, 7, 9 in Table 6.1). Note however that while these reactions proceed via a 
single-well PES in the gas phase, they have again a unimodal reaction profile in solution. 
 Likewise, increasing the coordination number of phosphorus in the substrate from 3 to 
4 raises the energy of the transition species. Thus, going from the SN2@P3 reaction of Cl
– 
+ PH2Cl to the SN2@P4 reaction of Cl
– + POH2Cl, the energy of the transition species 
increases from –26.2 to –22.3 kcal/mol in the gas phase and from 0.2 to 8.2 kcal/mol in 
solution (see reactions 3, 4 in Table 6.1). 
 A discrepancy between gas- and condensed-phase trends arises if we further increase 
the steric demand of the substituents around phosphorus along the SN2@P4 reactions of 
Cl– + POH2Cl, POCl2Cl, PO(CH3)2Cl and PO(OCH3)2Cl (reactions 4, 8, 10, 11 in Table 
6.1). In the gas phase, the energy of the transition species increases monotonically along 
this series, from –22.3 to –8.4 to –5.7 to 2.5 kcal/mol and the shape of the PES changes 
from single-well via triple-well to double-well (compare Figures 6.1b, 6.1c, 6.1a, 
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respectively). In solution, however, the trend of destabilization occurs only from Cl– + 
POH2Cl (8.2 kcal/mol) to Cl
– + POCl2Cl (23.8 kcal/mol). Thereafter, along Cl
– + 
POCl2Cl, PO(CH3)2Cl and PO(OCH3)2Cl, the transition species is slightly stabilized 
(instead of being further destabilized), from 23.8 to 20.7 to 23.7 kcal/mol (see reactions 8, 
10, 11 in Table 6.1). 
 Interestingly, the solvent-induced change in the trend of relative energies of transition 
species appears to originate from variations in the solvation energies #Esolv of the 
transition species, and not from variations in the much larger solvation energies of the 
reactants (see Table 6.2). We discuss the set of SN2@P4 reactions Cl
– + POCl2Cl and Cl
– 
+ PO(CH3)2Cl, along which the effect is quite pronounced (see reactions 8 and 10 in 
Tables 6.1 and 6.2). Thus, in the gas phase the transition species is destabilized along this 
series by about 3 kcal/mol whereas in solution it is stabilized by about 3 kcal/mol (see 
reactions 8 and 10 in Table 6.1). 
 Inspection of Table 6.2 shows that here (and also in the other reactions), the solvation 
energy of the reactants is dominated by the large and constant contribution of –75 
kcal/mol from chloride whereas the solvation energies of the neutral substrates are small, 
i.e., –9 kcal/mol or less, and variations are therefore also small (ca. 8 kcal/mol). This 
holds in particular within a structurally related series such as the example we are 
discussing here: from reaction 8 to 10, the solvation energy of the substrates POCl2Cl and 
PO(CH3)2Cl, respectively, becomes only slightly more stabilizing, i.e., #Esolv goes from  
–4.6 to –8.7 kcal/mol (see Table 6.2). Note, by the way, that as such this effect would 
destabilize the relative energy of the transition species in solution while it turns out to be 
stabilized. 
 
Table 6.2 Net solvation energies !Esolv (in kcal/mol), chlorine atomic charge QCl (in 
a.u.) and A–Cl distance (in Å) of individual reactants and transition states in 
solution.a 
  Reactant b  Transition State 
No. Reaction !Esolv
 QCl
  A–Cl  !Esolv
  QCl  A–Cl 
– Cl– -75.29 c       -1.000 c. –  – – – 
1 Cl– + CH3Cl -0.81 -0.170 1.80  -56.04 -0.578 2.35 
2 Cl– + SiH3Cl -1.28 -0.208 2.09  -49.09 -0.510 2.38 
3 Cl– + PH2Cl -0.99 -0.185 2.10  -49.92 -0.524 2.42 
4 Cl– + POH2Cl -9.28 -0.093 2.03  -54.00 -0.474 2.36 
5 Cl– + PF2Cl -2.39 -0.146 2.08  -47.48 -0.517 2.42 
6 Cl– + POF2Cl -6.35 0.020 1.97  -47.84 -0.380 2.25 
7 Cl– + PCl2Cl -0.90 -0.113 2.08  -46.17 -0.514 2.46 
8 Cl– + POCl2Cl -4.56 -0.008 2.01  -47.64 -0.398 2.32 
9 Cl– + P(CH3)2Cl -1.25 -0.210 2.12  -52.33 -0.542 2.51 
10 Cl– + PO(CH3)2Cl -8.66 -0.138 2.07  -57.59 -0.511 2.51 
11 Cl– + PO(OCH3)2Cl -7.06 -0.109 2.05  -61.09 -0.567 2.53 
a) Computed at OLYP/TZ2P. Net solvation energy of species X corresponds to reaction X(g) % X(aq). QCl values 
obtained for X(aq) with VDD method14 (QCl values of the same solution-phase structures but in absence of solvent 
are only slightly, i.e., 0.00 – 0.05 a.u. less polarized and show the same trend; see Table D2 in Appendix D). b) 
Values refer to substrate unless stated otherwise. c) Values refer to chloride anion. 
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Figure 6.2 Structures (in Å, deg.) of stationary points along SN2 reactions 1 - 11 in solution (see Table 
6.1). Values in parentheses refer to corresponding gas-phase geometry. 
 
 
 Thus, the inversion on the trend must come from the solvation of the transition species. 
Indeed, as can be seen in Table 6.2, the solvation energies of the transition species 
#Esolv(TS) are smaller than those of the reactants #Esolv(R) (differential solvation, vide 
supra) but the variation in #Esolv(TS) along all model reactions is twice as large as 
#Esolv(R): ca 15 versus 8 kcal/mol. Along the SN2@P4 reactions 8 and 10, we see that 
#Esolv(TS) becomes 10 kcal/mol more stabilizing. This variation in #Esolv(TS) overrules 
the opposite but smaller variation in #Esolv(R) and is responsible for the fact that in 
aqueous solution, the barrier for the SN2@P4 reaction of Cl
– + PO(CH3)2Cl is lower than 
that for Cl– + POCl2Cl (see reactions 8 and 10 in Tables 6.1 and 6.2). 
 Similar inversions in trend from gas to condensed phase, all caused by counteracting 
trends in #Esolv(TS), can also be observed for other sets of reactions. This leads to the 
interesting notion, already mentioned above and graphically illustrated by Figure 6.3, 
that, although smaller than the solvation energies of the reactants (cf. differential 
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solvation), the solvation energies of transition states are responsible in our model 
reactions for solvent-induced changes in reactivity trends as compared to the gas phase. 
 
 Finally, we address the question why 
the solvation energy of the transition 
species becomes more stabilizing from 
reaction 8 to 10, i.e., from species 16 to 
20, in spite of the fact that we replace 
the more polar chlorine substituents in 
POCl2Cl by the larger and less polar 
methyl substituents in PO(CH3)2Cl. As 
pointed out previously, the increased 
steric bulk associated with this 
substitution causes the destabilization of 
20 relative to 16 in the gas phase. But 
the increased steric congestion in 20 
also causes the axial P–Cl bonds to 
expand by a sizeable 0.2 Å, that is, from 
2.32 Å in 16 to 2.51 Å in 20 (see Table 
6.2 and Figure 6.2). The longer P–Cl bonds cause an increase in the chlorine atomic 
charge (–0.398 a.u. in 16 versus –0.511 a.u. in 20) and, in addition, it causes the anionic 
chlorine atoms to be somewhat more exposed to the solvent. This in turn enhances the 
interaction with the solvent which translates into a net stabilization of #Esolv(TS) from 16 
to 20 (see Table 6.2). Similar mechanisms can be observed in other sets of reactions that 
show a solvent-induced change of the trend in relative stabilities of the transition species. 
 
 
6.4 Conclusions 
 Solvation drastically raises barriers and straightens out all structure from the reaction 
profiles of the investigated model SN2@C, SN2@Si and SN2@P reactions. In the gas 
phase, particular types of SN2 reactions are characterized by different shapes of reaction 
profiles, such as single-, double- and triple-well PESes, which may feature negative 
activation energies. Solvation turns the PESes of SN2@C but also of SN2@Si and SN2@P 
reactions into unimodal reaction profiles which lead from the reactants via one single 
barrier, with a positive overall activation energy, to the products. 
 Trends that occur along homologous series in the gas phase are, in some cases, 
preserved in solution. One example is the raise in energy of the transition species that is 
generally observed if one goes from the nucleophilic substitutions of Cl– + PR2Cl (i.e., at 
a tricoordinate phosphorus: SN2@P3) to the corresponding substitution reactions of Cl
– + 
POR2Cl (i.e., at a tetracoordinate phosphorus: SN2@P4). 
E
!
R TC / TS P
weak solvation
large variationstrong solvation
little variation
 
 
Figure 6.3 Differential solvation exemplified for gas-
phase single-well PES: reactants are solvated more 
strongly than transition states leading to a unimodal 
PES in solution. But the solvation energy of transition 
states shows larger variation from one model reaction 
to another. 
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 But solvation can also change relative heights in reaction barriers. Such a change in 
relative barrier heights is in many cases caused by trends in the solvation energy of the 
transition state, #Esolv(TS), that counteract the trend in gas-phase barriers. This is 
interesting because #Esolv(TS) is in general weaker than the solvation energy of the 
reactants, #Esolv(R). The point is, however, that the variations in #Esolv(TS) are larger 
than those in #Esolv(R). 
 
Supporting Information COSMO settings (including atomic radii), energies of all solvated species and 
chlorine atomic charge of selected structures are available in Appendix D. 
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7 Nucleophilic Substitution at 
Triphosphates in Solution 
How the Presence of Protons and Mg2+ Counterions 
affect the SN2 reaction barrier 
 
 
Abstract 
We have studied how the protonation state of a triphosphate chain (PPP) and organic 
nucleophile (X) influences the reaction barrier for backside SN2 attack in solution. To this 
end we systematically remove one, two and four protons from the PPP chain. We also 
examine how addition of one or two Mg2+ counterions influences these reactions both 
structurally and energetically. Our study includes X = CH3O
–, CH3OH and, for charged 
substrates only, CH3O
–Mg2+ and is performed using the generalized gradient 
approximation (GGA) of density functional theory (DFT) at OLYP/TZ2P in combination 
with the COSMO model of solvation. All systems were found to have a labile central 
transition state for the SN2 attack. The reaction barrier in deprotonated systems increases 
with decreasing degree of protonation (increasing negative charge) and decreases again 
when Mg2+ counterions are added to the system. Attack with a deprotonated, charged 
nucleophile systematically results in lower barriers than attack by its neutral protonated 
counterpart. Having counterions coordinated to the triphosphate chain was found to be 
energetically more favorable than a counterion accompanying the incoming nucleophile 
(X = CH3O
–Mg2+). Fully deprotonating the system (both nucleophile and triphosphate) 
with two Mg2+ ions counteracting the negative charge in the chain results in a lowest 
barrier of 8.70 kcal/mol for the SN2 reaction at the )-phosphorus. Addition of Mg
2+ 
counterions is crucial to make the SN2 attack in these partly or fully deprotonated systems 
a feasible process. 
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7.1 Introduction 
 The bimolecular nucleophilic substitution reaction (SN2)
1 at phosphate derivatives2–4 is 
a biologically important type of reaction occurring at the core of life. It is one of the 
elementary reaction steps in the multistep enzyme-catalyzed DNA replication 
mechanism,5 where an SN2 reaction between the primer strand and the new nucleotide 
that is to be added next leads to the actual elongation of the backbone in the new DNA 
strand (Scheme 7.1). Despite the large relevance of this reaction step it is still not fully 
understood, particularly what the exact nature of the pentacoordinate phosphorus 
intermediate is. Also, a general consensus on the presence, position and function of 
protons and counterions in the system seems not yet reached.4  
 Suggested mechanisms,4a-m often based on 
crystal structures, generally include a deprotonated 
phosphate chain with an initially protonated 
nucleophile (sugar moiety on primer), which is 
deprotonated in a reaction step prior to the SN2 
attack (proton hopping). The SN2 reaction itself 
occurs via a central pentacoordinate phosphorus 
intermediate that likely is a labile transition state 
(TS). Two magnesium counterions are located in 
the vicinity of the reactive center: one interacting 
with the incoming phosphate chain (nucleotide-
binding) and one bridging the nucleophile and 
phosphate-chain (catalytic; helps positioning the 
attacking oxygen for in-line attack).  
 
 In Chapters 3 – 5 (see also Ref. 6a – 6c) we 
have shown how first pre- and post-barriers and 
eventually even the central barrier can arise on the 
intrinsically single-well potential energy surface 
(PES) of archetypal gas phase SN2 reactions at 
phosphorus (SN2@P) by stepwise increasing the steric bulk around the central atom. 
Similar results have been reported for SN2 reactions at silicon too.
7a Strengthening the 
bonding capabilities of nucleophile (X) and leaving group (Y) can invert this process 
back from a central barrier to pre- and post-barriers.6a-c These results show how the 
barrier in SN2 reactions is steric in nature, but can be modulated by electronic effects.
6a-c,7 
In contrast to the large variety of PES shapes in the gas phase, in aqueous solution 
(Chapter 6) Cl-symmetric SN2@P reactions were found to consistently have a unimodal 
(single barrier) shaped PES with labile pentacoordinate transition state.6d  
 Unlike the monophosphate systems we have studied so far,6 the SN2@P reactions in 
biologically relevant systems, like the DNA replication, often involve a substrate 
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Scheme 7.1 Strongly simplified 
scheme of SN2@P reaction that takes 
place in the DNA-replication 
mechanism. Degree of ionization of 
the acidic protons and presence of 
counterions has not been taken into 
account here.  
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consisting of a triphosphate group (PPP) with a diphosphate leaving group (PP) (Scheme 
7.2). We therefore extended our study of SN2@P reactions with a systematic exploration 
of the intrinsic reactivity of triphosphates involved in SN2 attack by organic nucleophiles. 
To this end we have varied the degree of protonation of both the triphosphate chain and 
the attacking nucleophile and added one or two cationic counterions to counteract the 
negative charge in the system. All reactions have been performed in aqueous solution to 
more closely mimic the biological environment. 
 
 Table 7.1 schematically shows the 
investigated systems, with horizontally 
a decreasing amount of protons and 
vertically an increasing number of 
Mg2+ counterions. Our model systems 
are generated from the general 
structure depicted in scheme 7.2 by 
stepwise removal of no (-0H+), the )- 
(-1H+), *- (-2H+) and +-protons (-4H+) 
(system 1 – 4, Table 7.1, left to right). 
Starting with removal of the )-proton 
is important to prevent the competing 
barrierless proton-transfer of the )-
proton to deprotonated incoming 
nucleophiles (vide infra) and is energetically also favored over primary removal of *- or 
+-protons from the fully protonated chain (149.1, 149.7, 154.2 and 155.4 kcal/mol for the 
)-, *-, +1- and +2-proton respectively; see also table E3 of Appendix E). The substrate-
configuration is consistently chosen such that it most closely resembles reported crystal 
structures,4 i.e. a relatively straightened chain as opposed to a ‘curled-up’ chain with 
interaction between the +- and )-phosphate. This straightened configuration is mostly, but 
not always, the most stable configuration (vide infra). Depending on the charge in the 
chain, 0 (a – b), 1 (c – e) or 2 (f – h) Mg2+ counterions are added to the system (see Table 
7.1, top to bottom). Substrates interacting with no counterions are indicated as R, with 
one counterion as R’ and with two counterions as R’’ (Figure 7.1). We studied both the 
possibility of a counterion in the vicinity of the triphosphate chain and in the vicinity of a 
charged incoming nucleophile (X). The latter possibility is based on crystal structures in 
which the suggested role of one of the Mg2+ ions is to interact with the nucleophile and 
assist in positioning it for the backside attack.4 The nucleophiles in this study replacing 
the large sugar moiety from Scheme 7.1 are CH3O
– (a, c and f), CH3OH (b, d and g) and 
CH3O
–Mg2+ (e and h). A second methoxide functions as the organic substituent on the )-
phosphorus.  
 All calculations have been performed using the generalized gradient approximation 
(GGA) of density functional theory (DFT)8 at OLYP/TZ2P.9 It has been shown that this 
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Scheme 7.2 Fully protonated triphosphate-chain. 
Other systems were created by stepwise removal of 
hydrogens and addition of Mg2+ counterions to 
substrate and / or nucleophile. 
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level of theory agrees within a few kcal/mol with highly correlated ab initio 
benchmarks.10 Solvation effects were treated using the dielectric continuum solvation 
model COSMO.11 
 
Table 7.1 Complexation energies !Ecompl
 and barrier-heights !E‡ in kcal/mol for systems 1 – 
4.a 
    System 1 System 2 System 3 System 4 
    -0H+ -1H+ -2H+ -4H+ 
No. Mg2+ X Substrateb !Ecompl !E‡ !Ecompl !E‡ !Ecompl !E‡ !Ecompl !E‡ 
a 0 CH3O– PPP -45.67 23.42 0.00 12.43 0.00 19.39 0.00 31.83 
b  CH3OH PPP 0.00 24.67 0.00 23.11 0.00 27.73 0.00 45.13 
c CH3O–
 PPP(Mg2+)  0.00 9.34 0.00 13.55 0.00 21.14 
d CH3OH PPP(Mg2+)  0.00 16.75 0.00 25.05 0.00 33.04 
e 
1 
CH3OMg+
 PPP  -35.41 29.76 -47.16 54.90 -54.31 51.71 
f CH3O–
 PPP(Mg2+)2    0.00 8.70 
g 
2 
CH3OH PPP(Mg2+)2    0.00 19.88 
h  CH3OMg+
 PPP(Mg2+)    -37.17 44.27 
a) Computed at OLYP/ TZ2P. Water modeled with COMSO.11 See figure 7.1 for structures of systems with X = CH3O
– 
(reactions a, c and f). b) PPP is the fully protonated system of Scheme 7.2. From here protons are stepwise removed and 
magnesium ions added. 
 
 We show that decreasing the amount of protons on the chain increases the central 
reaction barrier with labile pentacoordinate central intermediate for this type of SN2 
reaction. Adding counterions stabilizes the system and causes a decrease in barrier-
height. A fully deprotonated chain with two Mg2+ counterions in its vicinity attacked by a 
charged nucleophile gives the lowest reaction barrier. 
 
 
7.2 Computational Methods 
 All calculations are based on density functional theory (DFT)8 and have been carried 
out with the Amsterdam Density Functional (ADF)12a-d and QUILD12e programs. 
Geometries and relative energies of the stationary points along the PESes of our model 
reactions as well as vibrational analyses thereof, to confirm equilibrium structures (no 
imaginary frequencies) or transition states (one imaginary frequency),13 were computed 
with the generalized gradient approximation (GGA) of DFT using the OLYP functional 
which involves the optimized exchange (OPTX) functional proposed by Handy and 
coworkers,9a-b and the Lee-Yang-Parr (LYP) correlation functional.9c Recently, it has 
been shown that OLYP agrees within a few kcal/mol with highly correlated ab initio 
benchmarks.10 The molecular orbitals (MOs) were expanded in a large uncontracted set of 
Slater-type orbitals (STOs) containing diffuse functions, TZ2P. The TZ2P basis set is of 
triple-, quality and has been augmented with two sets of polarization functions: 2p and 3d 
on hydrogen, 3d and 4f on carbon, oxygen, fluorine, phosphorus and magnesium. The 
core shells of carbon, oxygen, fluorine (1s), phosphorus and magnesium (1s2s2p) were 
treated by the frozen-core approximation, that is, they are excluded from the variational 
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optimization.12b An auxiliary set of s, p, d, f and g STOs was used to fit the molecular 
density and to represent the Coulomb and exchange potentials accurately in each SCF 
cycle.12b,12d 
 Solvent effects were taken into account in all condensed-phase calculations using the 
COSMO model,11 used explicitly in the solving of the SCF equations, the optimization of 
the geometry and the vibrational analysis. The solvent radius (Rs) for water was taken 
from experimental data for the macroscopic density (") and molecular mass (Mm) with 
the formula14a Rs
3=2.6752·Mm/", leading to a Rs value of 1.9 Å for water; a value of 78.4 
was used for the dielectric constant of water. Atomic radii values were taken from the 
MM3 van der Waals radii,14b which are available for almost the whole periodic system, 
and scaled by 0.8333 (the MM3 radii are 20% larger than the normal van der Waals radii 
due to the specific form for the van der Waals energy within the MM3 force field). The 
surface charges at the GEPOL93 solvent-excluding surface15 were corrected for outlying 
charges. This setup provides a "non-empirical" approach to including solvent effects with 
a dielectric continuum, and works well for solvation processes.16 The file needed for 
including this setup in a COSMO computation with the ADF program (including all 
values of the above-mentioned atomic radii) is provided in Scheme D1 of Appendix D. 
 
 
7.3 Results and Discussion 
 The barrier-heights and, when applicable, complexation energies of systems 1 – 4 are 
summarized in Table 7.1. Energies of product complexes (PC) and products (P) relative 
to the reactants or reactant complex (RC) if present are given in Table 7.2. Structures with 
some key geometry parameters for reactions with X = CH3O
– (a, c and f) are given in 
Figure 7.1. Structural images, relative energies and number of imaginary frequencies 
(nimag)13 for all species, as well as relative energies with respect to the reactants for all 
reactions are available as Supporting Information in Appendix E. 
 
Table 7.2 Relative energies in kcal/mol of product complexes !EPC and products !EP with 
respect to the reactant complex (RC) if present, otherwise with respect to reactants (R).a 
    System 1 System 2 System 3 System 4 
    -0H+ -1H+ -2H+ -4H+ 
No. Mg2+ X Substrateb !EPC !EP !EPC !EP !EPC !EP !EPC !EP 
a 0 CH3O– PPP 14.30 15.32 -40.56 -37.35 – -33.78 – -18.58 
b  CH3OH PPP 6.10 10.75 13.99 15.01 – 18.19 – 33.27 
c CH3O–
 PPP(Mg2+)  -75.56 -30.65 -49.21 -13.24 -33.87 -5.15 
d CH3OH PPP(Mg2+)  -5.03 21.71 7.14 31.93 16.45 40.01 
e 
1 
CH3OMg+
 PPP  8.75 10.52 -27.48 0.40 -42.97 -14.45 
f CH3O–
 PPP(Mg2+)2    -64.95 -14.92 
g 
2 
CH3OH PPP(Mg2+)2    2.60 37.34 
h  CH3OMg+
 PPP(Mg2+)    15.31 37.14 
a) Computed at OLYP/ TZ2P. Water modeled with COMSO.11 See figure 7.1 for structures of systems with X = CH3O
– (a, c and 
f). b) PPP is the fully protonated system of Scheme 7.2. From here protons are stepwise removed and magnesium ions added. 
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7.3.1 No Counterions 
 For the neutral, fully protonated system 1 no counterions are added in the calculations. 
In 1a the SN2 reaction has to compete with proton transfer from the )-proton of 1R to the 
nucleophile under formation of a methanol reactant complex (RC) at –46 kcal/mol.17 A 
central barrier of 23.4 kcal/mol (Table 7.1) separates this RC from a very loosely 
hydrogen-bonded product complex (PC) (Table 7.2, Figure 7.1). The transferred 
hydrogen is not returned to the )-phosphate-oxygen during the process. Returning this 
hydrogen during the attack on the )-phosphorus is a step that, with a barrier of 
approximately 40 kcal/mol, is less favorable than the breaking of the P–OPP bond (Table 
E1, Appendix E). If the same fully protonated substrate 1R is attacked by methanol (1b), 
proton-transfer is prohibited and the attack results in a structurally similar, but more 
strongly bound PC. With 24.7 kcal/mol the reaction barrier is slightly higher compared to 
1a for this overall endothermic reaction. The )-proton in 1b transfers to the otherwise 
negatively charged leaving group when forming the PC to avoid charge separation. 
 If the protons are steadily removed from reactant 1R to form reactants 2R (– )-
proton), 3R (– )- and *-proton) and 4R (– )-, *- and +-protons), no more proton-transfer 
to the nucleophile and formation of a RC occurs for X = CH3O
– and CH3OH on the 
backside path. Proton transfer is however still observed in these systems, but within the 
PPP chain itself. For example, the *-proton to an )-oxygen via a barrier of only 0.2 
kcal/mol in 2R or a similar step with a +-proton to a *-oxygen in 3R (see Table E2 in 
Appendix E for additional structures; reactions have been performed with the most stable 
variant). The removal of protons and with that the increase in negative charge on the 
chain from –1 to –2 to –4 (in system 2 – 4 respectively) is accompanied by an increase of 
the central barrier from 12.4 to 19.4 to 31.8 kcal/mol for X = CH3O
– (2a, 3a, 4a). The 
same trend is observed for CH3OH attack (2b, 3b, 4b), but with a consistently higher 
barrier (Table 7.1, Figure 7.2a). These higher barriers for the protonated nucleophile 
support the suggested proton transfer from the protonated attacking oxygen to the 
environment prior to the SN2 reaction itself in biological systems.
4 Interestingly, the 
reaction barrier thus first decreases when going from the neutral substrate in systems 1a 
and b to the negatively charged substrate in 2a and b. The large difference for reaction 1a 
is due to the strongly stabilised methanol complex (RC) formed after proton-transfer and 
the consecutive attack by CH3OH instead of CH3O
–, which is shown to give higher 
barriers in 2b, 3b and 4b. In comparison, the SN2 reaction in which the )-OH of the 
substrate 1R (system 1) is replaced by F, to keep it overall neutral but preventing proton-
transfer, has a barrier of only 7.4 kcal/mol for attack with CH3O
–.18 The decrease in 
barrier-height from neutral system 1b to charged system 2b is significantly smaller.  
 For systems 2a – 4a the TS is characterized by a long X–P and shorter P–Y distance 
(Figure 7.1), differences we previously encountered in asymmetric reactions in Chapter 
4.6b For 2b – 4b X–P is generally somewhat shorter than P–Y (as in 1aTS). Reactions 2a 
and b still show formation of a PC, in which the PP leaving group is weakly (1 – 3 
kcal/mol) hydrogen-bonded to the substrate. For reactions 3a,b and 4a,b the PES is 
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unimodal (single-barrier) without formation of a PC. It is noteworthy that in no system 
under attack by CH3OH (row b, Table 7.1), the alcoholic hydrogen is observed to transfer 
to an )-oxygen; instead the nucleophile binds intact as CH3OH to the phosphorus as in 
1aPC (Figure 7.1). All of the reactions in row b are endothermic (Table 7.2).  
Figure 7.2a summarizes the trend for X = CH3O
– (solid lines) and CH3OH (dashed lines) 
of increasing barrier with decreasing number of protons, with deviating behavior for fully 
protonated systems 1a and 1b. 
 
7.3.2 One Counterion 
 Addition of a Mg2+ counterion to the charged, deprotonated systems 2 – 4 has, in 
agreement with crystal structures,4 a most stable configuration when it is interacting with 
an oxygen of each phosphate as in 2R’, 3R’ and 4R’ (Figure 7.1).19,20 The positioning of 
the Mg2+ ion is of great influence. In substrate 2R’ of system 2 the energy between the 
Mg2+ being coordinated to two oxygens on the )-phosphate or to one oxygen of each 
phosphate as in 2R’ (Figure 7.1) is almost 30 kcal/mol in favor of the latter, with in 
between coordination to one oxygen of the )- and one of the *-phosphate. A similar 
effect is observed for the substrate in system 3, 3R’ (see Table E3 in Appendix E).  
 Addition of the counterion systematically results in a drop in barrier height. The 
energy difference compared to 2a – 4a increases with increasing charge in the chain for X 
= CH3O
– (barrier decreases by 3.1, 5.8 and 10.7 kcal/mol for reactions 2c, 3c and 4c 
respectively). This trend is not as ascending, with deviating behavior for 3d with both 
neutral nucleophile and substrate, for X = CH3OH with a lowering of the barriers in row b 
by 6.4, 2.7 and 12.1 kcal/mol for 2d, 3d and 4d respectively. The counterion thus 
effectively counteracts the negative charge, reducing the barrier back to values 
comparable to when fewer protons were removed (for example, compare 3a and 4c or 1b 
and 3d). Interestingly, only in the transition state of reactions 3d and 4d the Mg2+ ion 
interacts with the O of the P–O bond to break during the process. For none of the 
reactions with X = CH3O
– this is the case (see 2cTS, 3cTS and 4cTS in Figure 7.1). After 
the TS, the Mg2+ moves in between the two fragments bridging substrate and leaving 
group (2cPC, 3cPC and 4cPC, Figure 7.1). In the final products it is favorable for the 
Mg2+ to side with the leaving PP.  
 
 When the Mg2+ is placed in the vicinity of the nucleophile CH3O
– on its path towards 
the phosphorus instead of at the PPP chain (X = CH3OMg
+, row e, Table 7.1 and 7.2), the 
barriers for the SN2 reaction are consistently much higher due to formation of a highly 
stabilized RC in which the Mg2+ moves away from the backside path to interact with two 
oxygens on the )-phosphate. The CH3O
– consequently moves out of the backside path as 
well, along with the Mg2+ it is interacting with. From this complex, it is very costly (30 – 
55 kcal/mol) to eventually attack the )-phosphorus, so in practice the system would get 
trapped in this well on the PES making this pathway unlikely.21 Our systems with small 
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nucleophiles and no surrounding 
enzymes thus show a clear 
preference for the Mg2+ ion to be 
interacting with the phosphate 
chain and not the nucleophile, 
because of formation of highly 
stabilized reactant complexes in 
the latter case. However, in 
suggested mechanisms in the 
literature for larger systems,4a-m a 
Mg2+ ion does have a nucleophile-
bridging function. This difference 
can be explained from the fact that 
in those systems the Mg2+ ions are 
suggested to be anchored to the 
active site by surrounding 
conserved aspartates, and, also, 
that in those systems the 
nucleophile is substantially larger 
and more rigid, preventing this 
moving out of the backside path 
and thus preventing formation of 
this type of RC.22 Contrarily, a 
Mg2+ is even suggested to play a 
role in positioning the O3’ for 
backside nucleophilic attack 
instead of moving it away from 
this path like in our systems.4c 
These findings show the 
importance of the surroundings of 
the active site in this process. 
Interestingly, the Mg2+ ion in 
overall neutral reaction 2e is 
positioned on the )-phosphate-
side all through the process (TS, 
PC and P), while for 3e the Mg2+ 
moves to the leaving group side 
after the TS, again bridging the 
fragments, and for 4e it moves 
towards the negative PPP chain 
even before reaching the TS, 
coordinating to )– and *–
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Figure 7.1 Geometries, including some key geometry 
parameters (in Å, deg.), for stationary points R, TS and PC 
for reactions with X = CH3O
–. See Tables 7.1 and 7.2 and 
Figure 7.2 for energetic data. 
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phosphate-oxygens. This behavior can be explained from the tendency of a system to 
prevent large charge separation between fragments. 
 
 
 
 
Figure 7.2 a) Potential Energy Surface with respect to reactants for reactions a and b of systems 1 – 4. For 
system 1a, the energy of the reactant complex is set to zero. Solid lines are for X = CH3O
–, dashed lines for 
X = CH3OH. b) Potential Energy Surface with respect to reactants for reactions on fully deprotonated 
system 4 with increasing number of Mg2+ ions. Solid lines are for X = CH3O
–, dashed lines for X = CH3OH.
 
 
7.3.3 Two Counterions 
 Adding a second Mg2+ to fully deprotonated system 4 lowers the barrier for the in-line 
SN2 reaction even further (Table 7.1). The most stable structure encountered with the two 
Mg2+ ions in vicinity of the charged PPP chain (4R’’) has one Mg2+ interacting with one 
oxygen of each phosphate, while the other interacts with a different )- and +-oxygen plus 
the oxygen connecting the *- and +-phosphate (Figure 7.3, left structure). Breaking the 
latter interaction is a small step of just 1.8 kcal/mol and forms 4R’’(2) (Figure 7.3). From 
here the SN2 barrier for X = CH3O
– (4f) is only 8.7 kcal/mol, the lowest barrier observed 
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in this study, though closely followed by the 9.3 kcal/mol of reaction 2c. The SN2 barrier 
for direct attack on 4R’’ is 12.9 kcal/mol making the aforementioned slight 
rearrangement prior to the SN2 attack energetically favorable. For X = CH3OH (4g), now 
with again both nucleophile and substrate neutral, the barrier drops to 19.9 kcal/mol, 
unlike 4f still ca. 3 kcal/mol higher than reaction 2d. In both 4fTS and 4gTS, one of the 
Mg2+ ions interacts with the O of the P–O bond to break and plays a role in the bond-
breaking (Figure 7.1). Consistent with reactions 2e – 4e, 4h with X = CH3OMg
+ has a 
much higher barrier after forming a highly stabilized RC first. Figure 7.2b summarizes 
the trend for system 4 with increasing number of Mg2+ ions. 
 
 
 
 
 
 
 
Figure 7.3 Rearrangement of magnesium coordination in reactant 4R’’ via 4R’’(ts). 
 
 
7.4 Conclusions 
 The central pentacoordinate transition species in the SN2 reaction of organic 
nucleophiles with triphosphate chains in solution is a labile transition state. The reaction 
barrier increases with decreasing degree of protonation of the phosphate chain. Addition 
of Mg2+ counterions effectively lowers this barrier. The biggest decrease in barrier-height 
occurs for the system that prior to addition of the counterion is most negatively charged. 
Attack with a deprotonated nucleophile is favored over a protonated nucleophile and in 
the relatively small systems studied, where anchoring of counterions by the surroundings 
is not taken into account, the Mg2+ ions only work effectively when positioned in the 
vicinity of the triphosphate chain. Fully deprotonating the system (both nucleophile and 
substrate) with two Mg2+ ions counteracting the negative charge in the chain results in the 
lowest barrier of 8.70 kcal/mol, after a small rearrangement in the configuration of the 
most stable substrate. Addition of Mg2+ counterions is crucial to make the SN2 attack in 
these partly or fully deprotonated systems a feasible process. 
 
Supporting Information Structural illustrations, energies and number of imaginary frequencies of all 
species are available in Appendix E. 
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Summary 
 
 The importance of computational methods in chemical research to explain 
fundamental concepts has seen significant growth in the last couple of decades. In this 
thesis we have used a method based on Density Functional Theory (DFT) to 
computationally study one of the most fundamental reactions in chemistry: the 
bimolecular nucleophilic substitution (SN2) reaction. Despite its long history of being 
known and large amount of attention it received, there are still gaps in the general 
understanding of this class of reactions. The focus in our research has been on closing 
some of these gaps related to SN2 reactions at phosphorus centers (SN2@P), which 
received much less attention than the textbook examples of nucleophilic substitution at 
carbon and, to lesser extent, silicon centers (SN2@C, Si). Particularly, we want to give an 
explanation for the phenomenon of the disappearance of the reaction barrier when going 
from archetypal SN2@C to SN2@P (and SN2@Si) reactions and study how this barrier 
and the shape of the potential energy surface (PES) can be modulated with the type of 
substituents, nucleophiles, leaving groups and reaction conditions. The results give an 
overview and better understanding of SN2 reactions in general and, particularly, of the 
intrinsic reactivity of phosphorus as the central atom under nucleophilic attack, a reaction 
of interest due to its occurrence in various organic and biological processes.  
 
 Chapter 1 gives an overview of the basic, often textbook concepts of this class of 
reactions and puts the research described in this thesis in perspective of what is 
considered known. In Chapter 2 a short summary is given of the theory behind the 
method used to compute energies, geometries and other properties: DFT. A method that is 
validated by extensive benchmarking through comparison with advanced ab initio 
methods. Further computational concepts used in this thesis to explain the nature of 
barriers, the activation-strain model, and to take solvent effects into account, COSMO, 
are briefly explained too. 
 Chapter 3 starts with a systematic investigation of elementary symmetric SN2@C, 
SN2@Si and SN2@P reactions, where it is shown how increasing the coordination number 
of the central atom as well as the substituents' steric demand shifts the SN2@P mechanism 
stepwise from a single-well potential (with a stable central transition complex, TC) that is 
common for substitution at third-period atoms, via a triple-well potential (featuring a pre- 
and post-transition state, TS, before and after the central TC), back to the double-well 
potential (in which pre- and post-barrier merge into one central TS) that is well-known for 
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substitution reactions at carbon. Thorough analysis via energy decomposition along the 
reaction coordinate verifies the steric reason for the reappearance of reaction barriers in 
intrinsically barrierless SN2@P reactions. This process can be inverted, while preserving a 
constantly high steric demand of the substituents, by strengthening the bonding 
capabilities of the nucleophile and leaving group. The results highlight the steric nature of 
the SN2 barrier, but they also show how electronic effects modulate the barrier height. 
 Chapters 4 and 5 elaborate further on the reactions discussed in Chapter 3, with 
addition of asymmetric variants, that is, different nucleophile and leaving group, and, in 
Chapter 5, additional substituents. In Chapter 4 reactions with one-atom substituents H, F 
and Cl are covered, where the competition between backside and frontside pathways in 
the model systems is studied as well as their dependence on the conformation of the 
reactants. This leads to various parallel, closely related pathways in competition with the 
backside paths as discussed in Chapter 3. Also, the previously encountered triple-well 
potential energy surface is observed for asymmetric SN2@P reactions now too. Chapter 5 
covers reactions with multiple-atom substituents Me, OH and OMe. What is of particular 
interest is how in certain model reactions, the Walden inversion can, as opposed to the 
usual concerted motion, proceed in a stepwise fashion in which the individual substituents 
of the ‘umbrella’ flip, consecutively, from the reactant to the product conformation via 
separate barriers on the reaction profile. Furthermore, the changing nature of the 
pentavalent transition structure and the existence of configurationally different parallel 
reaction channels are discussed.  
 
 Up to here our study has been focused on reactions in the gas phase to reveal the 
intrinsic reactivity of these systems. In reality most chemistry takes place in solution, 
what is known to often change reaction profiles. In Chapter 6 we have studied how 
solvation affects the shape of the PES of the archetypal Cl-symmetric nucleophilic 
substitution reactions at carbon, silicon and phosphorus from Chapter 3. The main effect 
of solvation is to turn the PESes of the SN2@C but also of SN2@Si and SN2@P reactions 
into unimodal reaction profiles which lead from the reactants via one single barrier to the 
products. The results are discussed in terms of differential solvation of reactants and 
transition states. While solvation energy of transition states is in general weaker than the 
solvation energy of the reactants, variations in solvation energy of the transition state are 
found to be larger than those of the reactants, resulting in a change of trend compared to 
the gas-phase barriers. 
 In the final Chapter 7, the studied systems are increased with two additional phosphate 
groups to a biologically interesting triphosphate chain under attack by organic 
nucleophiles in solution. We address the effects on the PES of the degree of protonation 
of nucleophile and phosphate chain and how magnesium counterions influence these 
effects, inspired by suggested mechanisms for biologically relevant systems like the DNA 
replication. Addition of Mg2+ counterions turns out to be crucial when the triphosphate 
chain gets deprotonated. The negative charge in the chain as a result of the removal of 
protons, resulting in large SN2 reaction barriers, is effectively counteracted by the Mg
2+ 
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ions, lowering the barriers back to feasible heights. This study further reveals the 
generally favored situation of a deprotonated, charged nucleophile and how in these small 
systems Mg2+ ions are more effective when counteracting the negative charge in the chain 
as opposed to the charge of the nucleophile. All systems were found to have a labile 
central transition state for the SN2 attack. 
 
 Overall, this systematic exploration has lead to a better general understanding of SN2 
reaction barriers and profiles. Phosphorus is found to intrinsically have a single-well 
potential energy surface in SN2 reactions, which can adapt a variety of shapes with 
various numbers of barriers by altering nucleophile, leaving group, substituents and 
reaction conditions. This study shows that, under physiological conditions, SN2@P 
reactions proceed via a reaction profile with a central, labile transition state. 
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Samenvatting 
 
Nucleofiele Substitutie op Fosfor Centra 
 
 Het belang van computationele methodes in chemisch onderzoek om fundamentele 
concepten mee te verklaren heeft in de laatste decennia een aanzienlijke groei 
meegemaakt. In dit proefschrift hebben wij een methode gebaseerd op de 
dichtheidsfunctionaaltheorie (DFT) gebruikt om computationeel één van de meest 
fundamentele reacties in de chemie te bestuderen: de bimoleculaire nucleofiele substitutie 
(SN2) reactie. Ondanks de lange historie van bekend zijn en de grote hoeveelheid 
aandacht die zij ontving, zijn er nog altijd gaten in het algemene begrip van deze klasse 
van reacties. De focus in ons onderzoek heeft gelegen op het dichten van enkele van deze 
gaten met betrekking tot SN2-reacties op fosfor centra (SN2@P), welke veel minder 
aandacht hebben gekregen dan de tekstboek voorbeelden van nucleofiele substitutie op 
koolstof en, in mindere mate, silicium centra (SN2@C, Si). We willen voornamelijk een 
uitleg geven voor het fenomeen van de verdwijning van de reactiebarrière wanneer we 
van archetypische SN2@C naar SN2@P (en SN2@Si) reacties gaan en bestuderen hoe 
deze barrière en de vorm van het potentiële-energie-oppervlak gemoduleerd kan worden 
met het type substituenten, nucleofiel, vertrekkende groep en reactiecondities. De 
resultaten geven een overzicht en een beter algemeen begrip van SN2 reacties in het 
algemeen en, met name, van de intrinsieke reactiviteit van fosfor als het centrale atoom 
bij nucleofiele aanval, een interessant soort reactie door het voorkomen ervan in 
verscheidene organische en biologische processen. 
 
 Hoofdstuk 1 geeft een overzicht van de basis, vaak tekstboek concepten van dit type 
reactie en plaatst het beschreven onderzoek in perspectief van wat bekend wordt 
beschouwd. In Hoofdstuk 2 wordt een korte samenvatting gegeven van de theorie achter 
de gebruikte methode om energieën, geometrieën en andere eigenschappen mee te 
berekenen: DFT. Een gevalideerde methode door extensief testen en vergelijken met 
geavanceerde ab initio methodes. Tevens worden enkele andere computationele 
concepten, gebruikt om de oorsprong van barrières mee te verklaren, het activerings-
spannings model, en om oplossingseffecten mee te simuleren, COSMO, kort toegelicht. 
 Hoofdstuk 3 begint met een systematisch onderzoek naar elementaire symmetrische 
SN2@C-, SN2@Si- en SN2@P-reacties, waar wordt getoond hoe het verhogen van het 
coördinatiegetal van het centrale atoom, alsmede de sterische hindering van de 
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substituenten er voor zorgen dat het SN2@P-mechanisme stapsgewijs verschuift van een 
enkel-minimum-potentiaal (met stabiel centraal overgangscomplex), gebruikelijk voor 
substitutie op derde periode atomen, via een drievoudig-minimum-potentiaal (met een 
labiele pre- en post-overgangstoestand voor en na het centrale stabiele 
overgangscomplex), terug naar het dubbel-minimum-potentiaal (waarin pre- en post-
overgangstoestand samensmelten tot één centrale labiele overgangstoestand), welbekend 
van substitutiereacties op koolstof. Grondige analyse middels energiedecompositie langs 
de reactiecoördinaat bevestigt de sterische reden voor het terugkeren van reactiebarrières 
in de intrinsiek barrièreloze SN2@P-reacties. Dit proces kan weer omgekeerd worden, 
met behoud van de mate van sterische hindering, door de bindingscapaciteiten van het 
nucleofiel en de vertrekkende groep te versterken. Deze resultaten benadrukken de 
sterische aard van de SN2-barrière, maar laten ook zien hoe elektronische effecten de 
hoogte van de barrière kunnen moduleren. 
 Hoofdstuk 4 en 5 gaan verder in op de reacties van Hoofdstuk 3 met toevoegingen van 
asymmetrische varianten, dat wil zeggen verschillende nucleofielen en vertrekkende 
groepen, en, in Hoofdstuk 5, een extra type substituent. In Hoofdstuk 4 worden reacties 
met één-atomige substituenten H, F en Cl behandeld, waar de competitie tussen de 
zogenoemde backside en frontside paden in de model systemen is bestudeerd, alsmede 
hun afhankelijkheid van de conformatie van de reactanten. Dit leidt tot verscheidene 
parallelle, sterk gerelateerde paden in competitie met het backside pad zoals besproken in 
Hoofdstuk 3. Tevens is het eerder gevonden drievoudig-minimum-potentiaaloppervlak nu 
ook waargenomen in asymmetrische SN2@P-reacties. Hoofdstuk 5 behandelt reacties met 
meervoudig-atoom substituenten Me, OH en OMe. Wat hier met name erg interessant is, 
is hoe in sommige model reacties de Walden inversie, in tegenstelling tot de gebruikelijke 
vloeiende beweging, kan plaatsvinden op een stapsgewijze manier, waarin de individuele 
substituenten van het ‘parapluutje’ opeenvolgend van de reactant naar de product 
conformatie omklappen via aparte barrières op het reactieprofiel. Verder worden de 
veranderende aard van de pentavalente overgangsstructuur en het bestaan van 
configurationeel verschillende parallele reactiekanalen besproken.  
 
 Tot dusver heeft de focus gelegen op reacties in de gasfase om de intrinsieke 
reactiviteit van deze systemen te achterhalen. In de praktijk vindt de meeste chemie echter 
in oplossing plaats, waarvan bekend is dat het reactieprofielen drastisch kan veranderen. 
In Hoofdstuk 6 hebben we daarom bestudeerd hoe solvatatie de vorm van het potentiële-
energie-oppervlak beïnvloedt van de archetypische Cl-symmetrische nucleofiele 
substitutiereacties op koolstof, silicium en fosfor uit Hoofdstuk 3. Het voornaamste effect 
van solvatatie in water is het omzetten van het potentiële-energie-oppervlak van de 
SN2@C-, maar ook de SN2@Si- en SN2@P-reacties in unimodale reactieprofielen die van 
de reactanten via één enkele barrière naar de producten leiden. De resultaten worden 
besproken in termen van de differentiële solvatatie van reactanten en 
overgangstoestanden. Waar de solvatatie-energie van overgangstoestanden over het 
algemeen zwakker is dan de solvatatie-energie van de reactanten, zijn de variaties in 
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solvatatie-energie van de overgangstoestanden groter dan de variaties in die van de 
reactanten, wat leidt tot veranderingen in de trend van barrières ten opzichte van de 
gasfase.  
 In het laatste Hoofdstuk 7 vergroten we de bestudeerde systemen met twee extra 
fosfaatgroepen tot een biologisch interessante trifosfaatketen welke wordt aangevallen 
door organische nucleofielen in oplossing. We bespreken het effect op het 
potentiaaloppervlak van de protoneringsgraad van nucleofiel en fosfaatketen en hoe 
magnesium tegenionen deze effecten beïnvloeden, geïnspireerd door gesuggereerde 
mechanismes voor biologisch relevante systemen als de DNA-replicatie. Het toevoegen 
van Mg2+ ionen blijkt cruciaal te zijn als de keten gedeprotoneerd wordt. De negatieve 
lading die in de keten ontstaat door het verwijderen van protonen, resulterend in hoge SN2 
reactiebarrières, wordt effectief tegengewerkt door de Mg2+ ionen, waardoor de barrières 
weer verlagen tot overkombare hoogtes. Deze studie laat verder de over het algemeen 
geprefereerde situatie voor geladen, gedeprotoneerd nucleofiel zien en hoe in onze kleine 
systemen de Mg2+ ionen meest effectief zijn wanneer ze de lading in de keten 
neutraliseren en niet de lading van het nucleofiel. Alle onderzochte systemen resulteren in 
een centrale labiele overgangstoestand voor de SN2 aanval. 
 
 Over het geheel genomen heeft dit systematische onderzoek geleid tot een beter 
algemeen begrip van SN2 reactiebarrières en -profielen. Fosfor heeft intrinisiek een enkel-
minimum-potentiële-energie-oppervlak in SN2-reacties, welke een variëteit aan vormen 
kan aannemen met verschillende aantallen barrières door verandering van 
coördinatiegetal, nucleofiel, vertrekkende groep, substituenten en reactiecondities. Deze 
studie laat zien dat, onder fysiologische omstandigheden, SN2@P-reacties verlopen via 
een reactieprofiel met een centrale, labiele overgangstoestand. 
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A Supporting Information Chapter 3 
 
 
Table A1 Energies E (in kcal/mol) of all species relative to ADF's basic atomsa computed at 
OLYP/TZ2P (1), OLYP/QZ4P//OLYP/TZ2P (2), mPBE0KCIS/QZ4P[OLYP/QZ4P]//OLYP/TZ2P (3) b.  
Species Short E(1) E(2) E(3) Species Short E(1) E(2) E(3) 
Cl– – -84.18 -88.10 -117.04 Cl–…POCl2Cl 8aRC -563.39 -568.33 -777.74 
OH– – -207.45 -214.56 -289.95 ClPOCl2Cl
– ‡ 8a-preTS -547.95 -554.31 -768.42 
CH3O
– – -580.16 -583.34 -734.10 ClPOCl2Cl
– 8aTC -554.34 -559.06 -773.99 
CH3Cl 1aR -498.82 -500.69 -621.45 POCl2OH 8bR -655.93 -659.73 -892.27 
Cl–…CH3Cl 1aRC -592.02 -596.84 -747.74 OH
–...POCl2OH 8bRC -897.86 -902.85 -1205.49 
ClCH3Cl
– ‡ 1aTS -583.14 -586.69 -735.43 OH–...POCl2OH
‡ 8b-preTS c c c 
CH3OH 1bR -678.60 -680.33 -849.45 HOPOCl2OH
– 8bTC -921.40 -925.88 -1239.47 
OH–…CH3OH 1bRC -896.22 -902.91 -1145.57 P(CH3)2Cl 9aR -1074.02 -1078.45 -1335.47 
HOCH3OH
– ‡ 1bTS -879.89 -884.74 -1125.57 Cl–...P(CH3)2Cl 9aRC -1171.16 -1177.75 -1466.30 
H2O…CH3O
– 1bWC -924.97 -928.69 -1174.10 Cl–...P(CH3)2Cl
 ‡ 9a-preTS -1170.92 -1177.09 -1466.20 
SiH3Cl 2aR -418.92 -421.85 -525.92 ClP(CH3)2Cl
– 9aTC -1173.78 -1179.12 -1468.09 
ClSiH3Cl
– 2aTC -527.53 -531.77 -668.68 P(CH3)2OH 9bR -1256.25 -1260.93 -1566.26 
SiH3OH 2bR -602.77 -605.82 -758.65 H2O...PCH2CH3OH
– 9bRC -1492.38 -1498.64 -1880.95 
HOSiH3OH
–  2bTC -864.01 -867.92 -1100.78 OH–...P(CH3)2OH
– ‡ 9bTSw -1484.13 -1491.70 -1873.79 
PH2Cl 3aR -325.49 -327.76 -424.92 H2O...PCH2CH3OH
– ‡ 9b-preTS -1489.82 -1496.10 -1878.63 
ClPH2Cl
– 3aTC -435.84 -439.24 -567.55 HOP(CH3)2OH
– 9bTC -1496.40 -1502.36 -1885.79 
PH2OH 3bR -506.76 -509.44 -654.81 PO(CH3)2Cl 10aR -1253.76 -1259.22 -1576.32 
HOPH2OH
– 3bTC -754.40 -758.73 -981.59 Cl–...PO(CH3)2Cl 10aRC -1354.12 -1361.51 -1710.54 
POH2Cl 4aR -496.01 -499.19 -654.76 ClPO(CH3)2Cl
– ‡ 10aTS -1343.60 -1350.20 -1700.76 
ClPOH2Cl
– 4aTC -602.52 -606.84 -794.59 PO(CH3)2OH 10bR -1444.09 -1449.53 -1816.40 
POH2OH 4bR -686.80 -690.12 -895.39 H2O...POCH2CH3OH
– 10bRC -1685.88 -1692.28 -2137.23 
HOPOH2OH
– 4bTC -943.03 -946.97 -1232.98 OH–...PO(CH3)2OH
– ‡ 10bTSw -1677.94 -1685.63 -2130.20 
PF2Cl 5aR -397.33 -399.64 -552.16 OH
–...PO(CH3)2OH
– ‡ 10b-preTS -1672.09 -1679.30 -2125.25 
ClPF2Cl 5aTC -506.25 -509.55 -693.49 HOPO(CH3)2OH
– 10bTC -1685.40 -1691.06 -2138.62 
PF2OH 5bR -588.47 -591.21 -793.58 PO(OCH3)2Cl 11aR -1561.91 -1567.36 -2006.58 
HOPF2OH 5bTC -841.41 -845.20 -1126.13 Cl
–...PO(OCH3)2Cl 11aRC -1660.19 -1667.46 -2138.34 
POF2Cl 6aR -572.26 -575.91 -790.10 ClPO(OCH3)2Cl
– ‡ 11aTS -1643.62 -1650.52 -2121.66 
ClPOF2Cl 6aTC -670.06 -674.50 -920.48 PO(OCH3)2OH 11bR -1754.72 -1760.26 -2249.40 
POF2OH 6bR -767.87 -771.84 -1036.56 OH
–...PO(OCH3)2OH 11bRC -1988.49 -1996.30 -2562.92 
HOPOF2OH 6bTC -1029.49 -1033.52 -1379.55 OH
–...PO(OCH3)2OH
 ‡ 
11b-preTS -1980.85 -1987.43 -2555.93 
PCl2Cl 7aR -292.87 -295.38 -417.51 HOPO(OCH3)2OH
–  11bTC -1995.61 -2001.28 -2571.64 
ClPCl2Cl
– 
7aTC -400.32 -403.63 -556.83 PO(OCH3)2OCH3 11cR -2109.97 -2116.14 -2683.53 
PCl2OH 7bR -482.85 -485.65 -657.20 CH3O
–...PO(OCH3)2OCH3
 
11cRC -2706.33 -2713.99 -3436.71 
HOPCl2OH
– 7bTC -742.29 -746.27 -996.43 CH3O
–...PO(OCH3)2OCH3
 ‡ 
11c-preTS -2694.68 -2702.13 -3427.03 
POCl2Cl 8aR -461.73 -465.32 -647.93 CH3OPO(OCH3)2OCH3
– 11cTC -2701.29 -2708.32 -3434.96 
a) To enhance numerical precision, energies in the ADF program are computed directly relative to (spherical, average-of-configuration) 
atoms and not relative to separate electrons and nuclei: see Ref. 6b in Chapter 3. b) mPBE0KCIS/QZ4P is evaluated with the 
OLYP/QZ4P density. c) Not found due to nonconverging SCF. 
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Figure A1 Analysis of the potential energy surfaces #E of the SN2@P reaction of Cl– + P(CH3)2Cl (9a) and 
Cl– + PO(OCH3)2Cl (11a) along the reaction coordinate projected onto the Cl
––P distance. Left panel: 
Activation Strain analysis of the potential energy surfaces #E (plain lines) = #Estrain (bold lines) + #Eint 
(dashed lines). Right panel: energy decomposition of the nucleophile–substrate interaction #Eint = #Velstat 
(dashed lines) + #EPauli (bold lines) + #Eoi (plain lines). Black lines: regular internal reaction coordinate. 
Medium gray lines: internal reaction coordinate with geometry of [PX2] unit in substrate frozen to that in 
reactant complex or reactants. Light gray lines: internal reaction coordinate with geometry of entire 
substrate PX2Cl frozen to that in reactant complex or reactants. 
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Table B1 Structures with in parentheses energies (in kcal/mol) of all species in Chapter 4 relative 
to ADF's basic atoms and, in brackets, number of imaginary frequencies [NIMAG], computed at 
OLYP/TZ2P.a 
Cl
–
  
(-84.18) [0] 
OH
–
  
(-207.45) [0] 
1aR 
(-498.82) [0] 
1aRC 
(-592.02) [0] 
1aTS 
(-583.14) [1] 
     
1bR 
(-678.60) [0] 
1bRC 
(-896.22) [1] 
1bTS 
(-879.89) [1] 
1bWC 
(-924.97) [0] 
1cPC 
(-777.81) [0] 
     
1cRC' 
(-726.64) [0] 
1cTS' 
(-725.43) [1] 
2aR 
(-418.92) [0] 
2aTC 
(-527.53) [0] 
2bR 
(-602.77) [0] 
     
2bTC 
(-864.01) [0] 
2bWC 
(-869.40) [0] 
2cTC 
(-697.41) [0] 
2cPC-alt 
(-707.62) [0] 
3aR 
(-325.49) [0] 
     
3aTC 
(-435.84) [0] 
3bR(u) 
(-506.76) [0] 
3bR(d) 
(-506.60) [0] 
3bTC(uu) 
(-754.40) [0] 
3bTC(ud) = 3bTC(du) 
(-753.20) [0] 
     
3bTC(dd) 
(-752.03) [0] 
3bTS(uu)-f 
(-718.49) [2] 
3bPC-f 
(-770.85) [0] 
3bP-f 
(-677.18) [0] 
H
–
 
(-34.73) [0] 
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3bP-f/alt 
(-614.07) [0] 
H2 
(-154.11) [0] 
3cTC(u) 
(-601.22) [0] 
3cTC(d) 
(-600.81) [0] 
3cPC(u)-alt 
(-610.94) [0]
 
     
3cPC(d)-alt 
(-612.50) [0]
 
4aR 
(-496.01) [0] 
4aTC 
(-602.52) [0] 
4bR(u) 
(-686.80) [0] 
4bTC(uu) 
(-943.03) [0] 
     
4bTS1(ss)-f 
(-941.14) [1] 
4bTC2(ss)-f 
(-942.29) [0] 
4bTS2(ss)-f 
(-932.59) [1] 
4bPC-f 
(-977.36) [0] 
4bP-f 
(-867.61) [0] 
     
4bP-f/alt 
(-821.92) [0] 
4cPC(u) 
(-783.14) [0] 
4cPC(u)-alt 
(-800.76) [0] 
4cWC 
(-777.24) [0] 
4cTS-alt 
(-758.17) [1] 
     
4cTC-alt 
(-768.79) [0] 
5aR 
(-397.33) [0] 
5aTC 
(-506.25) [0] 
5bR(d) 
(-588.47) [0] 
5bR(u) 
(-587.05) [0] 
     
5bTC(dd) 
(-841.41) [0] 
5bTC(ud) = 5bTC(du) 
(-839.94) [0] 
5bTC(uu) 
(-838.36) [0] 
5bTC-alt 
(-855.43) [0] 
5bTS(dd)-f 
(-831.77) [1] 
     
5bPC-f 
(-876.06) [0] 
5bP-f 
(-722.12) [0] 
F
–
 
(-86.96) [0] 
5bP-f/alt 
(-672.77) [0] 
HF 
(-180.71) [0] 
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5cTC(d) 
(-680.65) [0] 
5cTC(u) 
(-679.09) [0] 
5cTS(d)-alt 
(-677.22) [1] 
5cPC(d)-alt 
(-701.19) [0] 
5cPC(u)-alt 
(-702.02) [0] 
     
5cTS(d)-f 
(-651.58) [1] 
5cPC-f 
(-697.84) [0] 
5cP-f 
(-535.18) [0] 
5cP-f/alt 
(-499.18) [0] 
6aR 
(-572.26) [0] 
     
6aTC 
(-670.06) [0] 
6bR(u) 
(-767.87) [0] 
6bR(d) 
(-766.36) [0] 
6bTC(uu) 
(-1029.49) [0] 
6bTC(du) = 6bTC(ud) 
(-1027.19) [0] 
     
6bTC(dd) 
(-1024.56) [0] 
6bTC-alt 
(-1041.24) [0] 
6bTS(uu)-f 
(-1000.34) [1] 
6bPC-f 
(-1068.46) [0] 
6bP-f 
(-906.25) [0]
 
     
6bP-f/alt 
(-868.16) [0] 
6cTC(u) 
(-853.15) [0]
 
6cTC(d) 
(-851.08) [0]
 
6c-postTS(u) 
(-853.03) [1] 
6c-postTS(d) 
(-851.36) [1] 
     
6cPC(u) 
(-855.84) [0] 
6cPC(u)-alt 
(-889.06) [0] 
6cPC(d)-alt 
(-890.07) [0] 
6cTS1(s)-f 
(-849.69) [1] 
6cTC2(s)-f 
(-853.05) [0] 
     
6cTS2(s)-f 
(-848.75) [1] 
6cPC-f 
(-882.82) [0] 
6cP-f 
(-711.92) [0] 
6cP-f/alt 
(-685.28) [0] 
7aR 
(-292.87) [0] 
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7aTC 
(-400.32) [0] 
7bR(d) 
(-482.85) [0] 
7bR(s) 
(-480.07) [0] 
7bTC(dd) 
(-742.29) [0] 
7bTC-alt 
(-776.37) [0] 
     
7bTS(dd)-f 
(-742.02) [1] 
7bTS-f/alt 
(-776.18) [1] 
7bPC($2)-f 
(-790.45) [0] 
7bPC($1)-f 
(-784.71) [0] 
7bP-f 
(-670.28) [0] 
     
7bP-f/alt 
(-670.39) [0] 
7cTC(d) 
(-575.66) [0] 
7cTC(s) 
(-572.44) [0] 
7cTS(d)-alt 
(-574.03) [1] 
7cTS(d)-f 
(-562.97) [1] 
     
7cPC(d)-alt 
(-601.67) [0] 
7cPC(u)-alt 
(-601.39) [0] 
8aR 
(-461.73) [0] 
8aRC 
(-563.39) [0] 
8a-preTS 
(-547.95) [1] 
     
8aTC 
(-554.34) [0] 
8bR(u) 
(-655.93) [0] 
8bR(d) 
(-655.29) [0] 
8bRC(uu) 
(-897.86) [0] 
8bRC(du) 
(-897.79) [0] 
     
8bRC(ud) 
(-898.69) [0]
 
8bRC(dd) 
(-898.55) [0]
 
8b-preTS 
 
8bTC(uu) 
(-921.40) [1] 
8bPC($2)-f 
(-976.89) [0] 
   
 
Not found due to non-
converging SCF 
  
8bPC($1)-f 
(-968.74) [0] 
8bTS($1/$2)-f 
(-967.33) [1] 
8bP-f 
(-849.37) [0] 
8bP-f/alt 
(-850.23) [0] 
8cRC(u) 
(-713.89) [0] 
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8cRC(d) 
(-713.64) [0] 
8c-preTS 8cTC(u) 
(-739.43) [0] 
8cTC(d) 
(-739.13) [0] 
8c-postTS(u) 
(-737.37) [1] 
  
 
Not found due to non-
converging SCF 
   
8c-postTS(d) 
(-737.01) [1] 
8cTS(s)-f 
(-738.87) [1] 
8cTS(d)-f 
(-738.44) [1] 
8cPC(u) 
(-751.46) [0] 
8cPC-alt 
(-781.07) [0] 
     
a) To enhance numerical precision, energies in the ADF program are computed directly relative to (spherical, average-of-
configuration) atoms and not relative to separate electrons and nuclei: see Ref. 15b in Chapter 4. 
 
 
 
Table B2 Energies (in kcal/mol) relative to reactants for stationary points along alternative 
asymmetric reaction paths, computed at OLYP/TZ2P. 
Reaction Path Stationary Points a 
  equil. struct. TS equil. struct. TS equil. struct. equil. struct. 
4c backside 4cPC(u) – – – – 4bR(u) + Cl– 
  -79.68     -67.52 
4c-alt frontside 4cWC 4cTS-alt 4cTC-alt   4bR(u) + Cl– 
  -73.78 -54.71 -65.33 b b -67.52 
5c backside 5cTC(d) – – – – 5bR(d) + Cl– 
  -75.87     -67.87 
5c-alt backside 5cTC(d) 5cTS(d)-alt – – 5cPC(u)-alt 5bR(u) + Cl– 
  -75.87 -72.44   -97.24 -66.45 
5c-alt-2 frontside 5cTC(d) 5cTS(d)-f – – 5cPC-f 5cP-f + F– 
  -75.87 -46.80   -93.06 -17.36 
7c backside 7cTC(d) – – – – 7bR(d) + Cl– 
  -75.34     -66.71 
7c-alt backside 7cTC(d) 7cTS(d)-alt – – 7cPC(u)-alt 7bR(u) + Cl– 
  -75.34 -73.71   -101.07 -63.93 
7c-alt-2 frontside 7cTC(d) 7cTS(d)-f – – 7cPC(d)-alt 7bR(d) + Cl– 
  -75.34 -62.65   -101.35 -66.71 
a) Each entry shows an alternative reaction path between the first and last equilibrium structure. b) Possible routes from 4cTC-alt to 
the products have not been explored. 
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C Supporting Information Chapter 5 
 
 
Table C1 Structures of all species discussed in the main text of Chapter 5, including energies E (in 
kcal/mol) of all species relative to ADF's basic atoms, computed at OLYP/TZ2P.a 
Cl
–
  
(-84.18) 
OH
–
  
(-207.45) 
CH3O
–
 
(-580.16) 
1aR 
(-1074.02) 
1aRC 
(-1171.16) 
     
1a-preTS 
(-1170.92) 
1aTC 
(-1173.78) 
1bR(u) 
(-1256.25) 
1bRC(wu) 
(-1492.38) 
1bTS(w) 
(-1484.13) 
     
1b-preTS(ws) 
(-1489.82)
 
1bTC(uu) 
(-1496.40) 
1cRC(w) 
(-1326.91) 
1c-preTS(w) 
(-1325.38) 
1cPC(u) 
(-1348.54) 
     
2aR 
(-1253.76) 
2aRC 
(-1354.12) 
2aTS 
(-1343.60) 
2bR(u) 
(-1444.09) 
2bRC(wu) 
(-1685.88) 
     
2bTS(w) 
(-1677.94) 
2b-preTS(uu) 
(-1672.09) 
2bTC(uu) 
(-1685.40) 
2cRC(wu) 
(-1508.68) 
2c-preTS(u) 
(-1491.07)
 
     
2cPC(u) 
(-1539.99) 
3aR 
(-850.22) 
3aRC 
(-976.90) 
3aRC-alt 
(-968.74) 
3aRC-alt2 
(-968.67) 
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3aTS 
(-946.51) 
3bR(u) 
(-1043.61) 
3bRC(wu) 
(-1333.33) 
3b-preTS(uu) 
(-1292.74) 
3bTC(uu) 
(-1299.60) 
     
3cRC(w) 
(-1150.75) 
3c-preTS(u) 
(-1117.61) 
3cTC(u) 
(-1120.84)
 
3c-postTS(u) 
(-1116.56) 
3cPC(u) 
(-1164.08) 
     
3c-preTS-f 
(-1125.36) 
3cPC-f 
(-1145.09) 
3dR(u) 
(-1399.27) 
3dRC(m) 
(-2043.16) 
3d-preTS(uu) 
(-2002.44) 
     
3dTC(uu) 
(-2007.03) 
3eRC(m) 
(-1689.18) 
3e-preTS(uu) 
(-1648.79) 
3eTC(uu) 
(-1653.24) 
3e-postTS(uu) 
(-1646.46) 
     
3ePC(uw) 
(-1687.20) 
4aR 
(-1561.91) 
4aRC 
(-1660.19) 
4aTS 
(-1643.62) 
4bR(u) = 4eR(u) 
(-1754.72) 
     
4bRC(uu) 
(-1988.49) 
4b-preTS(uu) = postTS 
(-1980.85) 
4bTC1(uu) 
(-1995.61) 
4bTS12clock(uu) 
(-1994.09) 
4bTS12count(uu) 
(-1992.98) 
     
4bTC2(uu) 
(-1996.50) 
4b-postTS(uu)-alt 
(-1981.72) 
4bRC(du) = PC(ud) 
(-1989.02) 
4b-preTS(ds) = postTS(sd) 
(-1978.45) 
4bTC1-alt 
(-2007.03) 
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4cRC(u) 
(-1799.73) 
4c-preTS(u) 
(-1796.00) 
4cPC(u) 
(-1850.52) 
4dR(u) 
(-2109.97) 
4dRC(uu) 
(-2706.33) 
     
4d-preTS(uu) 
(-2694.68) 
4dTC1(uu) 
(-2701.29) 
4dTS12count,1(uu) 
(-2700.88) 
4dTC12count(uu) 
(-2701.71) 
4dTS12count,2(uu) 
(-2701.39) 
     
4dTS12clock(uu) 
(-2699.45) 
4dTC2(uu) 
(-2704.56) 
4eRC(uu) 
(-2351.50) 
4e-preTS(uu) 
(-2339.65) 
4eTC1(uu) 
(-2346.88) 
     
4eTS12count(uu) 
(-2346.50) 
4eTS12clock(uu) 
(-2345.95) 
4eTC2(uu) 
(-2349.98) 
4eTS23count(uu) 
(-2347.29) 
4eTS23clock(uu) 
(-2347.84) 
     
4eTC3(uu) 
(-2349.40) 
4e-postTS(uu) 
(-2335.81) 
4ePC(uu) 
(-2343.33) 
4eRC(du) 
(-2351.66) 
4e-preTS(ds) 
(-2338.36) 
     
4eTC1-alt 
(-2354.73) 
4e-postTS-alt 
(-2321.64) 
4ePC-alt 
(-2344.80) 
4e-postTS(du)-alt 
(-2334.88) 
4ePC(du) 
(-2343.31) 
     
a) To enhance numerical precision, energies in the ADF program are computed directly relative to (spherical, average-of-
configuration) atoms and not relative to separate electrons and nuclei. 
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Table C2 Structures of additional species not discussed in the main text of Chapter 5, including 
energies E (in kcal/mol) of all species relative to ADF's basic atoms, computed at OLYP/TZ2P.a 
1bR(d) 
(-1255.10) 
1bRC(ws)-alt 
(-1493.25)
 
1b-preTS(ws)-alt 
(-1490.20) 
1bTC(du) = 1bTC(ud) 
(-1494.24) 
1bTC(dd) 
(-1491.34) 
     
1cPC(d) 
(-1348.77) 
2bR(d) 
(-1440.24) 
2bRC(ws) 
(-1685.97) 
2b-preTS(du) 
(-1668.39) 
2bTC(du) = 2bTC(ud) 
(-1678.89) 
     
2bTC(du)-alt 
(-1678.95) 
2b-preTS(ud) 
(-1668.47) 
2b-preTS(dd) 
(-1664.77) 
2bTC(dd) 
(-1673.30) 
2cRC(wd) 
(-1507.62) 
     
2c-preTS(d) 
(-1488.04)
 
2cPC(d) 
(-1554.58) 
3aR-alt 
(-849.37) 
3bR(d) 
(-1042.52) 
3bRC(wu)-alt 
(-1333.55) 
     
3bRC(wd) 
(-1333.04) 
3b-preTS(ss) 
(-1289.12) 
3bTC(ss) 
(-1293.16) 
3bTC(su) 
(-1296.51) 
3b-postTS(su) 
(-1291.26) 
     
3b-postTS(su)-f 
(-1287.42) 
3bTS-alt 
(-1285.46) 
3bTS(uu)-rot 
(-1290.92) 
3c-preTS(d) 
(-1109.99) 
3cTC(d) 
(-1113.87)
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3c-postTS(d) 
(-1112.79) 
3cPC(d)-alt 
(-1166.57) 
3dR(u)-alt 
(-1398.38) 
3dR(d) 
(-1398.09) 
3dR(u)-alt2 
(-1397.74) 
     
3d-preTS(du) 
(-2000.69) 
3dTC(du) = 3dTC(ud) 
(-2003.26) 
3d-preTS(ud) 
(-1999.71) 
3d-preTS(dd) 
(-1998.63) 
3dTC(dd) 
(-1998.63) 
     
3d-preTS(uu)-f 
(-1997.49) 
3dTC(uu)-f 
(-2000.32) 
3d-preTS(ud)-f 
(-2000.02) 
3dTC(ud)-f 
(-2002.57) 
3e-preTS(du) 
(-1647.14) 
     
3eTC(du) 
(-1649.15) 
3e-postTS(du) 
(-1643.86) 
3e-preTS(ud) 
(-1647.04) 
3eTC(ud) 
(-1650.29) 
3e-postTS(ud) 
(-1644.48)
 
     
3ePC(uw)-alt 
(-1687.61) 
4aR-alt 
(-1561.41) 
4bR(u)-alt 
(-1753.90) 
4bR(u)-alt2 
(-1753.84) 
4bR(d) 
(-1753.58) 
     
4bR(d)-alt 
(-1752.80) 
4bR(d)-alt2 
(-1750.37) 
4bRC(ud) 
(-1989.09) 
4bRC(dd) 
(-1989.34) 
4cRC(d) 
(-1799.92) 
     
4c-preTS(d) 
(-1794.08) 
4cPC(d) 
(-1851.01) 
4dR(d) 
(-2108.73) 
4dRC(du) 
(-2706.55) 
4d-preTS(du) 
(-2693.43) 
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4dTC1(du) 
(-2698.27) 
4dTS12clock(du) 
(-2698.28) 
4dTC2(du) 
(-2701.06) 
4dTS12count,1(du) 
(-2696.13) 
4dTS12count,2(du) 
 
     
 
 
not found 
4dTS23clock(du) 
(-2698.17) 
4dTS23count(du) 
(-2699.31) 
4dRC(ud) 
(-2706.51) 
4d-preTS(ud) 
(-2693.12) 
4dTC1(ud) 
(-2699.75) 
     
4d-postTS(ud) 
(-2689.17) 
4dTS12count(ud) 
(-2695.61) 
4dTS23count(ud) 4dRC(dd) 
(-2706.02) 
4d-preTS(dd) 
(-2691.76) 
   
 
 
not found 
  
4dTC1(dd) 
(-2695.58) 
4eRC(ud) 
(-2352.12) 
4eRC(dd) 
(-2352.46) 
4eTS12clock-alt 
(-2352.84) 
4eTS12count-alt 
 (-2349.06) 
     
4eTC2-alt 
(-2354.25) 
4eTS1-rot(Nu) 
(-2353.42) 
4eTC3-alt 
(-2356.17) 
   
a) To enhance numerical precision, energies in the ADF program are computed 
directly relative to (spherical, average-of-configuration) atoms and not relative 
to separate electrons and nuclei. 
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D Supporting Information Chapter 6 
 
 
Scheme D1 Input file (including atomic radii) for "non-empirical" COSMO solvation computations 
with ADF. 
 
SOLVATION 
  Div ndiv=3 min=0.5 ofac=0.8 
! ----------------------------------------------------------------------- 
! radius determined from macroscopic density (Rho,m)/molecular mass (Mm), 
! i.e.  R**3 = 2.6752 * Mm / Rho,m 
! 
! parameters for water (rad in Angstrom): 
! ----------------------------------------------------------------------- 
  Solv eps=78.4 rad=1.9 emp=0.0 
  Charged conv=1e-10 iter=1000 corr 
  Radii 
!   ---------------------------------------------------------------------- 
!   radii taken from Allinger et al. J.Mol.Struct.(THEOCHEM) 312 (1994) 69 
!   actual values used are MM3 radii divided by 1.2 and in Angstrom: 
!   ---------------------------------------------------------------------- 
    H  = 1.350 
    He = 1.275 
    Li = 2.125 
    Be = 1.858 
    B  = 1.792 
    C  = 1.700 
    N  = 1.608 
    O  = 1.517 
    F  = 1.425 
    Ne = 1.333 
    Na = 2.250 
    Mg = 2.025 
    Al = 1.967 
    Si = 1.908 
    P  = 1.850 
    S  = 1.792 
    Cl = 1.725 
    Ar = 1.658 
    K  = 2.575 
    Ca = 2.342 
    Sc = 2.175 
    Ti = 1.992 
    V  = 1.908 
    Cr = 1.875 
    Mn = 1.867 
    Fe = 1.858 
    Co = 1.858 
    Ni = 1.850 
    Cu = 1.883 
    Zn = 1.908 
    Ga = 2.050 
    Ge = 2.033 
    As = 1.967 
    Se = 1.908 
    Br = 1.850 
    Kr = 1.792 
    Rb = 2.708 
    Sr = 2.500 
    Y  = 2.258 
    Zr = 2.117 
    Nb = 2.025 
    Mo = 1.992 
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    Tc = 1.967 
    Ru = 1.950 
    Rh = 1.950 
    Pd = 1.975 
    Ag = 2.025 
    Cd = 2.083 
    In = 2.200 
    Sn = 2.158 
    Sb = 2.100 
    Te = 2.033 
    I  = 1.967 
    Xe = 1.900 
    Cs = 2.867 
    Ba = 2.558 
    La = 2.317 
    Ce = 2.283 
    Pr = 2.275 
    Nd = 2.275 
    Pm = 2.267 
    Sm = 2.258 
    Eu = 2.450 
    Gd = 2.258 
    Tb = 2.250 
    Dy = 2.242 
    Ho = 2.225 
    Er = 2.225 
    Tm = 2.225 
    Yb = 2.325 
    Lu = 2.208 
    Hf = 2.108 
    Ta = 2.025 
    W  = 1.992 
    Re = 1.975 
    Os = 1.958 
    Ir = 1.967 
    Pt = 1.992 
    Au = 2.025 
    Hg = 2.108 
    Tl = 2.158 
    Pb = 2.283 
    Bi = 2.217 
    Po = 2.158 
    At = 2.092 
    Rn = 2.025 
    Fr = 3.033 
    Ra = 2.725 
    Ac = 2.567 
    Th = 2.283 
    Pa = 2.200 
    U  = 2.100 
    Np = 2.100 
    Pu = 2.100 
  SubEnd 
END 
 
 
Starting from version ADF2007.01 the following input is equivalent: 
 
SOLVATION 
  Solvent name=water 
  Div ndiv=3 min=0.5 ofac=0.8 
  Charged conv=1e-10 iter=1000 corr 
END 
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Table D1 Energies relative to ADF’s basic atomsa (in 
kcal/mol) of all species in solution occurring in this 
study, computed at OLYP/TZ2P (for structures and 
numbering, see Figure 6.2 in Chapter 6). 
Structure Species Energy 
– Cl– -159.47 
1 CH3Cl -499.63 
2 ClCH3Cl
– -639.18 
3 SiH3Cl -420.20 
4 ClSiH3Cl
– -576.62 
5 PH2Cl -326.48 
6 ClPH2Cl
– -485.76 
7 POH2Cl -505.29 
8 ClPOH2Cl
– -656.52 
9 PF2Cl -399.72 
10 ClPF2Cl
– -553.73 
11 POF2Cl -578.61 
12 ClPOF2Cl
– -719.90 
13 PCl2Cl -293.77 
14 ClPCl2Cl
– -446.49 
15 POCl2Cl -466.29 
16 ClPOCl2Cl
– -601.98 
17 P(CH3)2Cl -1075.27 
18 ClP(CH3)2Cl
– -1226.11 
19 PO(CH3)2Cl -1262.42 
20 ClPO(CH3)2Cl -1401.19 
21 PO(OCH3)2Cl -1568.97 
22 ClPO(OCH3)2Cl
– -1704.71 
a) To enhance numerical precision, energies in the ADF program are 
computed directly relative to (spherical, average-of-configuration) 
atoms and not relative to separate electrons and nuclei. 
 
 
Table D2 Chlorine atomic charge QCl (in a.u.) of individual reactants and 
transition states in their solution-phase geometry but in absence of the 
solvent.a 
  Reactant  Transition State 
No. Reaction QCl b  QCl
 
– Cl– -1.000  c             – 
1 Cl– + CH3Cl -0.130  -0.543 
2 Cl– + SiH3Cl -0.170  -0.481 
3 Cl– + PH2Cl -0.145  -0.500 
4 Cl– + POH2Cl -0.088  -0.456 
5 Cl– + PF2Cl -0.122  -0.491 
6 Cl– + POF2Cl -0.007  -0.383 
7 Cl– + PCl2Cl -0.096  -0.475 
8 Cl– + POCl2Cl -0.026  -0.380 
9 Cl– + P(CH3)2Cl -0.170  -0.497 
10 Cl– + PO(CH3)2Cl -0.131  -0.476 
11 Cl– + PO(OCH3)2Cl -0.121  -0.529 
a) VDD atomic charges computed at OLYP/TZ2P. b) Values refer to substrate unless stated otherwise. 
c) Value refers to chloride anion. 
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E Supporting Information Chapter 7 
 
 
Table E1 Energies (kcal/mol) relative to reactants of stationary points occurring in 
SN2@P reaction-systems 1 – 4.a 
  – H’sb # of Mgc X RC TS PC P 
System 1 a 0 0 CH3O– -45.67 -22.25 -31.37 -30.35 
 a-altd 0 0 CH3O– -45.67 -6.06 -50.87 -49.18 
 b 0 0 CH3OH – 24.67 6.10 10.75 
System 2 a 1 0 CH3O– – 12.43 -40.56 -37.35 
 b 1 0 CH3OH – 23.11 13.99 15.01 
 c 1 1 CH3O– – 9.34 -75.56 -30.65 
 d 1 1 CH3OH – 16.75 -5.03 21.71 
 e 1 1 CH3O–Mg2+
 -35.41 -5.65 -26.66 -24.89 
System 3 a 2 0 CH3O– – 19.39 – -33.78 
 b 2 0 CH3OH – 27.73 – 18.58 
 c 2 1 CH3O– – 13.55 -49.21 -13.24 
 d 2 1 CH3OH – 25.05 7.14 31.93 
 e 2 1 CH3O–Mg2+ -47.16 7.74 -74.64 -46.76 
System 4 a 4 0 CH3O– – 31.83 – -19.09 
 b 4 0 CH3OH (-2.02)e 45.13 – 33.27 
 c 4 1 CH3O– – 21.14 -33.87 -5.15 
 d 4 1 CH3OH (-2.21)e 33.04 16.45 40.01 
 e 4 1 CH3O–Mg2+ -54.31 -2.60 -97.28 -68.76 
 f 4 2 CH3O– – 8.70 -64.95 -14.92 
 g 4 2 CH3OH – 19.88 2.60 37.34 
 h 4 2 CH3O–Mg2+ -37.17 7.10 -21.86 -0.03 
a) Computed at OLYP/TZ2P. See Figure 7.1 in the text for illustrations including geometric parameters of selected 
structures. b) Number of protons removed from the triphosphate chain (Scheme 7.2). c) Number of Mg2+ ions 
added to the system. d) Alternative path in which the transferred hydrogen is returned to the )-oxygen during the 
SN2 attack. e) Interaction of nucleophile and substrate out of the in-line path (see Table E2). 
 
 
 
Table E2 Structures of all solvated species of reaction-systems discussed in Chapter 7 with, in 
parentheses, energies (in kcal/mol) relative to ADF’s basic atomsa and, in brackets, number of 
imaginary frequencies [nimag],b all computed at OLYP/TZ2P with the COSMO model of solvation. 
CH3O
–
(aq) 
(-660.64) [0] 
CH3OH(aq) 
(-681.90) [0] 
CH3O
–
Mg
2+
(aq) 
(-533.18) [0] 
Mg
2+
(aq) 
(203.32) [0] 
1R(aq) 
(-2855.48) [0] 
     
1aRC(aq) 
(-3561.79) [0] 
1aTS(aq) 
(-3538.37) [2] 
 1aPC(aq) 
(-3547.49) [2]  
1aTS-alt(aq) 
 (-3522.18) [1]  
1aPC-alt(aq) 
(-3566.99) [2] 
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1aP1(aq) 
(-1745.60) [0] 
1aP2(aq) 
(-1800.87) [0] 
1aP1-alt(aq) 
(-1764.43) [0] 
1bTS(aq) 
(-3512.71) [1] 
1bPC(aq) 
(-3531.28) [0] 
     
1bP1(aq) = 1aP1(aq) 
 
1bP2(aq) 
(-1781.03) [0] 
2R(aq) 
(-2879.58) [1] 
2R(2)(aq) 
(-2877.87) [0] 
2R(3)(aq) 
(-2877.51) [1] 
     
2Rts(aq) 
(-2877.67) [2] 
2aTS(aq) 
(-3527.79) [1] 
2aPC(aq) 
(-3580.78) [3] 
2aP1(aq) 
(-1776.70) [0] 
2aP2(aq) = 1aP2(aq) 
     
2bTS(aq) = 1aTS(aq) 
 
2bPC(aq) = 1aPC(aq) 
 
2bP1(aq) = 1aP1(aq) 
 
2bP2(aq) = 1aP2(aq) 
 
2R’(aq) 
(-2758.81) [0] 
     
2R’ts(aq) 
(-2742.88) [1] 
2R’(2)(aq) 
(-2763.68) [0] 
2cTS(aq) 
(-3410.11) [1] 
2cPC(aq) 
(-3495.01) [0] 
2cP1(aq) = 2aP1(aq) 
     
2cP2(aq) 
(-1673.40) [0]
 
2cP1-alt(aq) 
(-1642.38) [0] 
2cP2-alt(aq) = 
1aP2(aq) 
2R’-alt(aq) 
(-2760.79) [0] 
2cTS-alt(aq) 
(-3412.42) [1] 
     
2cPC-alt(aq) 
(-3485.79) [0] 
2cP1-alt2(aq) = 
2aP1(aq) 
2cP2-alt2(aq) 
(-1672.38) [0] 
2dTS(aq) 
(-3423.96) [1] 
2dPC(aq) 
(-3445.74) [0] 
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2dP1(aq) = 1aP1(aq) 2dP2(aq) = 2cP2(aq) 
 
2dTS-alt(aq) 
(-3423.80) [2] 
2dPC-alt(aq) 
(-3446.51) [0] 
2eRC(aq) 
(-3448.17) [4] 
     
2eTS(aq) 
(-3418.41) [3] 
2ePC(aq) 
(-3439.42) [3] 
2eP1(aq) 
(-1636.78) [0] 
2eP2(aq) = 1aP2(aq) 
 
3R(aq) 
(-2891.38) [0] 
     
3R(2)(aq) 
(-2890.99) [0] 
3R-alt(aq) 
(-2890.09) [0] 
3aTS(aq) 
(-3532.63) [2] 
3aP1(aq) = 2aP1(aq) 
 
3aP2(aq) 
(-1809.10) [0] 
     
3bTS(aq) 
(-3545.55) [2] 
3bP1(aq) = 1aP1(aq) 
 
3bP2(aq) = 3aP2(aq) 
 
3R’(aq) 
(-2789.28) [0] 
3cTS(aq) 
(-3436.37) [2] 
     
3cPC(aq) 
(-3499.13) [0] 
3cP1(aq) = 2aP1(aq) 
 
3cP2(aq) 
(-1686.46) [0] 
3R’-alt(aq) 
(-2790.88) [0] 
3cTS-alt(aq) 
(-3438.78) [1] 
     
3cPC-alt(aq) 
(-3496.59) [0] 
3dTS(aq) 
(-3446.13) [1] 
3dPC(aq) 
(-3464.04) [1] 
3dP1(aq) = 1aP1(aq) 
 
3dP2(aq) 
(-1693.65) [0] 
     
3dRC-alt(aq) 
(-3473.98) [0] 
3dTS-alt(aq) 
(-3442.87) [1] 
3dPC-alt(aq) 
(-3459.88) [3] 
3eRC(aq) 
(-3471.72) [1] 
3eTS(aq) 
(-3416.82) [2] 
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3ePC(aq) 
(-3499.20) [0] 
3eP1(aq) = 2aP1(aq) 
 
3eP2(aq) 
(-1694.62) [0] 
3eP1-alt(aq) =  
2cP1-alt(aq) 
3eP2-alt(aq) 
(-1807.53) [0] 
     
4R(aq) 
(-2888.89) [0] 
4aTS(aq) 
(-3517.70) [1] 
4aP1(aq) = 2aP1(aq) 4aP2(aq) 
(-1791.92) [0] 
4bTS(aq) 
(-3525.66) [1] 
     
4bP1(aq) = 1aP1(aq) 
 
4bP2(aq) = 4aP2(aq) 4bRC(aq) – not used 
(-3572.81) [0] 
4R’(aq) 
(-2817.84) [0] 
4R’-alt(aq) 
(-2817.32) [0] 
     
4cTS(aq) 
(-3457.34) [1] 
4cPC(aq) 
(-3512.35) [0] 
4cP1(aq) = 2aP1(aq) 
 
4cP2(aq) 
(-1706.93) [0] 
4dTS(aq) 
(-3466.70) [1] 
     
4dPC(aq) 
(-3483.29) [1] 
4dP1(aq) = 1aP1(aq) 
 
4dP2(aq) 
(-1714.13) [0] 
4dRC(aq) – not used 
(-3501.95) [0] 
4eRC(aq) 
(-3476.38) [2] 
     
4eTS(aq) 
(-3424.67) [1] 
4ePC(aq) 
(-3519.35) [1] 
4eP1(aq) = 2aP1(aq) 
 
4eP2(aq) = 4dP2(aq) 
 
4R’’(aq) 
(-2707.99) [0] 
     
4R’’ts(aq) 
(-2706.16) [1] 
4R’’(2)(aq) 
(-2706.33) [0] 
4R’’ts(2)(aq) 
(-2704.66) [1] 
4R’’(3)(aq) 
(-2704.60) [0] 
4fTS(aq) 
(-3358.27) [1] 
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4fTS(2)(aq) 
(-3355.97) [1] 
4fPC(aq) 
(-3431.92) [1] 
4fP1(aq) = 2aP1(aq) 
 
4fP2(aq) 
(-1605.29) [0] 
4gTS(aq) 
(-3368.35) [1] 
     
4gPC(aq) 
(-3385.63) [0] 
4gP1(aq) = 1aP1(aq) 
 
4gP2(aq) = 4fP2(aq) 
 
4hRC(aq) 
(-3388.19) [0] 
4hRC-alt(aq) 
(-3385.80) [1] 
     
4hTS(aq) 
(-3343.92) [1] 
4hPC(aq) 
(-3372.88) [1] 
4hP1(aq) 
(-1636.92) [0] 
4hP2(aq) = 4dP2(aq) 
    
a) To enhance numerical precision, energies in ADF are computed directly relative to (spherical, average-
of-configuration) atoms and not relative to separate electrons and nuclei. b) Vibrational analyses of 
stationary points on the PESes of our systems in combination with the COSMO model can sometimes lead 
to small, unwanted imaginary frequencies (roughly between –5 and –70 cm–1), often spurious, due to 
irrelevant movements in the chain or from CH3 groups. To be complete we did add the total number of 
imaginary frequencies found after an accurate PES scan in brackets, which to our judgment are of no or 
negligible influence. In the case of transition states where one imaginary frequency is required the largest 
(i.e. most negative) always belongs to the transition movement and is significantly larger than possible 
additional ones. 
 
 
Table E3a Effect of removal of first 
proton from fully protonated 
triphosphate chain 1R on ADF’s Total 
Bonding Energy (kcal/mol). 
1R(aq) 
(-2855.48)  
H+(aq) 
(171.46) 
  
2R – H)(aq)  
(-2877.87) 
2R – H*(aq) 
 (-2877.22) 
2R – H+1(aq) 
 (-2872.71) 
2R – H+2(aq) 
 (-2871.58) 
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Table E3b Effect of position of Mg2+ ion in partly deprotonated triphosphate 
chains 2R and 3R on ADF’s Total Bonding Energy (kcal/mol). 
2R’(aq) 
(-2729.93) 
2R’(aq) 
 (-2746.04) 
2R’(aq) 
 (-2758.81) 
2R’-alt(aq) 
 (-2760.79) 
    
3R’(aq) 
(-2773.91) 
3R’(aq) 
 (-2789.28) 
3R’-alt(aq) 
 (-2790.88) 
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periode geweest en de vrijheid voor eigen inbreng in het onderzoek in combinatie met de 
altijd aanwezige mogelijkheid tot discussie over de resultaten is voor mij een erg prettige 
manier van werken geweest. Het was fijn altijd te kunnen terug vallen op je brede kennis 
van het vakgebied en de methodiek. Een leuk ‘weetje’: toen ik net begonnen was aan het 
onderzoek heb ik tegen collega’s menig keer geroepen dat ik graag in ChemPhysChem 
wilde publiceren, omdat het los van inhoudelijk goed werk, een erg mooie lay-out had. 
Publicatie in een top-journal zou natuurlijk nog mooier zijn en het doet me nog altijd 
deugd te zien dat enkele jaren later mijn eerste paper in zo’n top-journal kwam, J. Am. 
Chem. Soc., en de tweede daadwerkelijk in ChemPhysChem.  
 Hierbij gaat ook grote dank uit naar Marcel Swart, die in de eerste periode van mijn 
onderzoek deels de dagelijkse begeleiding voor zijn rekening nam en tevens coauteur is 
van drie van mijn papers. Het was zeer plezierig met je samen te werken Marcel, zowel 
vakinhoudelijk als persoonlijk, en met name je msc, getfreqs en dergelijke scripts hebben 
mij behoorlijk wat werk gescheeld! Bedankt ook voor het gebruik van jouw versies van 
ADF, QUILD e.d., zodat ik je ten alle tijden kon lastig vallen met lastige computer- en 
rekenproblemen.  
 Dank gaat vanzelfsprekend ook uit naar mijn promotor, prof. Baerends, voor het geven 
van de mogelijkheid om in zijn groep onderzoek te doen. Ook al hebben we gedurende 
mijn onderzoek weinig met elkaar van doen gehad, ik vind het een eer om in een groep 
onder uw leiding mijn promotieonderzoek te hebben mogen uitvoeren.  
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 Let me make a switch to English here, because some direct colleagues I want to thank 
specifically for making the VU period also socially very nice will have a hard time 
understanding a ‘thank you’ in Dutch. Let me start off with the three offices I spend most 
time at during my stay at the VU. 
 First of all, there is my own office R-130, which I shared with two great guys: Simon 
and Marcello. I couldn’t have wished for better roommates, where music has been one of 
the main shared elements of the room. Simon, from colleague to good friend, I probably 
could write this in Dutch for you, but will stick to English for now. I’m very glad that 
Matthias hired you starting the exact same day as I did, cause it really has been a pleasure 
sharing an office with you all those years. We probably could have had two more papers 
each if we left out all our conversations on music, politics, people, the world and much 
more! It has been, besides fun, also educational to discuss all these topics together. It also 
has been very nice and helpful to go through the entire process of a PhD together and 
sharing the same problems, so at least there is always someone that understands the 
situation. Besides work we had too many nice moments to start mentioning specific ones, 
but our Boston and New York trip deserves to be mentioned. What a great and easy-going 
two weeks. Thanks to you and Soizic both for the diners and concerts too, we’ll definitely 
stay in touch. 
 Marcello, one thing keeps bothering me of our period as roommates and that is, after 
all those years and after all my trials to change your mind, you still seem to like 
Radiohead! A good thing from a written thank you like this is that this time you cannot 
argue my statement straight away, so once and for all: they suck! (hehehe). Joking aside, 
thanks for the nice years full of interesting conversations, lots of joking around, long 
coffee breaks, lunches and help with many Mac related problems. A special thank you for 
the cover that we made for the Eur. J. Org. Chem. and the way we transformed that idea 
into the great cover for this thesis. You’ve got real talent for this graphical work, 
impressive! All the best to you and Cristina and the little Luppi ofcourse too, with 
hopefully more nice Italian diners together to come. 
 Then we move on to what I often referred to as my second office: my next-door 
neighbors Joost and Ivan. Many times, when I wanted to have a little break I just started 
bothering you guys and we had plenty of fun at those moments. Joost, Jos, Gozert, Sjakie 
of wat het vandaag ook mag zijn, het was te gek je een periode als buurman op de VU te 
hebben. Van collega via Debiteuren / Crediteuren, Johnny & Willie en andere Jiskefet 
dvd’tjes naar goede vrienden in het post-VU tijdperk. Bedankt voor alle gezellige 
momenten in en buiten de VU, zoals bespreken hoe goed onze Robint eigenlijk wel niet 
is, bowlen zonder en met bijzonder knappe effectballen (ahum!), de vele biertjes, het 
bedenken van aliassen als de Psycholoog, Harry en de Mosselman, het vereren van 
koning Willemt, concertjes en gewoon ouwehoeren over van alles en nog wat. Het zijn 
mooie jaren geweest met nog vele mooie te komen! 
 Ivan, my good Italian friend, thanks for all the fun moments at the coffee breaks, 
lunches, just during work and outside of work. From all topics we’ve been talking about, 
football must have been covered the most extensive. Watching games, eating pizza, 
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drinking beer and discussing the happenings on the field were great moments I wont 
forget. I still see you getting emotional on my couch when Italy won the World Cup in 
2006. It was real fun to see you struggling with defeating me in bowling; you just kept on 
going and going and, I have to admit, in the end you did win, so you could leave the 
country with that off your mind. However, when it comes to pool, you still didn’t beat 
me, sir! (hehehe). All the best to you mate, keep in touch. 
 The third office I spend quite some time in was across the hallway of my office to visit 
my SN2-partner-in-crime Patrícia. Having started at approximately the same time and 
dealing with a similar research topic we have been facing the same type of problems and 
had plenty of work-related conversations. However, more important and enjoyable were 
the personal conversations we had, especially in the last year or so, where fun and more 
serious topics lead to looooong and good conversations. It was great to be able to just 
walk in your office and discuss whatever it was we wanted to talk about. Thanks for that! 
I’m already missing it. Also for the nice lunch breaks, followed by a good cup of coffee 
in the main building, the joy of fully analyzing Seinfeld episodes we both knew (well, I 
know ’m all now!) and fun moments outside of the VU like diners or that Henry Rollins 
show we went to. The best of luck to you, and Nuno too ofcourse, and let’s make good 
use of our email-addresses, ok?  
 
 Ofcourse there have been lots of other people around at work that I’d like to mention, 
with the risk of forgetting someone (sorry in advance if so, it, probably, wasn’t 
intentional). In no particular order there was the Gelderlandplein lunch group, with 
varying people and frequencies of joining: Johannes (aka Herr Neugebauer), Christoph 
(with a thesis thicker than the phonebook), Daniel (always ready for football-talk and 
discussions about, well, anything), Paolo, Rosa (Boston!), Andreas, Kasia and André 
(keep watching that Henry Rollins DVD). Thanks also to Willem-Jan and Maya, for 
being the only two that knew how to effectively use the drop-box on my Mac. Willem-
Jan, extra bedankje voor de leuke Elastopop avonden, waar ik als DJ Sunshine Marc (wie 
had dat ook alweer bedacht???) mijn reggae tunes de keuken in mocht knallen en voor je 
Py-Frag gedoe, heb er mooi een JACS paper mee gehaald! Nu we toch weer even over 
zijn op het Nederlands, wil ik verder noemen: Pier (ofwel 020, voor het grondig 
analyseren van de kunsten vertoond op de voetbalvelden en de eeuwige 010 vs. 020 strijd, 
heerlijk), Theodoor (interessante discussies aan de koffietafel of bij de lunch), Luuk (ook 
voor me verder op weg helpen in het theoretisch chemische wereldje toen ik als student 
de cursus Theoretische Chemie bij je volgde), Célia, Klaas, Bas, Anton, Lando, Paul (J), 
Sigismund, Tushar, Manuel, Jetze, Kitty en natuurlijk Paula voor al je hulp wanneer 
nodig en gewoon voor de gezelligheid.  
 Also a thank you to Jordi, Oleg, Paul (N), Filippo, Leonardo and the many guests that 
passed through during my stay at the VU. 
 Voor het computer-technische gedeelte wil ik Stan, Olivier, Alexei en Erik van SCM 
bedanken voor ADF op zich en de hulp als ik weer eens kwam zeuren over ongewenste 
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imagionaire frequencies, COSMO, convergentie criteria, gewenste knoppen in ADF 
movie etc. etc. Drew bedankt voor je hulp bij alles Mac-gerelateerd! 
  
 Maar dan zijn we er natuurlijk nog niet, want naast het werk, is de steun vanuit de 
privé-omgeving minstens zo van belang. Daarbij is één iemand het allerbelangrijkst 
geweest en dat is natuurlijk Floor. Dank je voor al je steun, hulp, interesse en gewoon dat 
je er was gedurende deze jaren. Ook tijdens de moeilijke tijden die er voor de familie 
geweest zijn, ben je me steeds blijven steunen en oppeppen en dat zal ik nooit vergeten. 
Zonder jou was het zo veel moeilijker geweest; dit proefschrift is daarom ook een beetje 
voor jou! En onze Tammy mag hier natuurlijk niet ontbreken, de leukste poes die zonder 
het te weten nu al voor de derde keer in een dankwoord van een proefschrift genoemd 
wordt. Simicato?  
 Bij de familie kan ik niet anders dan beginnen met mijn vader, die helaas het mooie 
einde van deze promotieperiode niet meer kan meemaken. Pa, wat had ik je graag dit 
boekje in je handen gegeven, ik weet dat je enorm trots geweest zou zijn! Moedertje, 
hartstikke bedankt voor al je interesse en steun door de jaren heen. Ik weet dat ook jij 
enorm trots bent en alles met bewondering gevolgd hebt, ook in moeilijke tijden. Dat was 
en is erg fijn. We gaan het nu goed vieren! Christian en Jonne, my brothers, ook jullie 
thanks voor de interesse, steun en het aanhoren van mijn verhalen als ik weer wat te 
klagen had en gewoon voor de leuke middagen / avonden samen bij concertjes, thuis of 
waar dan ook. Alleen ga beiden nu eindelijk toch eens wat vaker reggae draaien, is goed 
voor je, verzet je niet langer, neem dat nou van deze (bijna) gepromoveerde aan! 
(hehehe). Daarbij moet ik natuurlijk ook Saskia en Astrid noemen en, vooruit dan maar, 
de kleine Piep (Tammy staat toch ver voor in dankwoord-benoemingen). Omaatje, ook al 
is het voor u niet precies duidelijk wat ik allemaal deed op de VU, het feit dat het de VU 
was, was voor u (hetzelfde gold voor opa) al interessant genoeg en daarom moet ik u 
natuurlijk voor de vorm wel even noemen in dit dankwoord.  
 Dan de andere familie, de Kuipers. Luuk, nadat je mijn sollicitatiebrief voor de functie 
op de VU had bekeken en wat adviezen had gegeven verwachtte je wel even genoemd te 
worden in het dankwoord van het proefschrift. Bij deze. Bedankt voor je interesse en de 
gesprekken over de gang van zaken en voortgang van mijn onderzoek. Dank daarbij 
natuurlijk ook voor Wil en Annelies, Ernest en Nienke plus partner, kinderen en / of 
huisdieren (doorhalen wat niet van toepassing is). 
 
 Tot slot een algemeen bedankje voor alle niet genoemde familie, vrienden (laat ik 
alleen Arjan hier nog wel even bij name noemen!) en kennissen die hun interesse en steun 
in het verloop van het onderzoek hebben getoond. Thanks! 
 
 Dan verwacht ik nu natuurlijk dat u dit boekje allen van voor af aan gaat lezen en u 
niet beperkt tot slechts dit dankwoord! ! 
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